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Abstract 
The Asian monsoon is a complex and dynamic system and a significant driver of 
hydrological change in the global climate system. A number of monsoon subsystems, 
distributed over various geographical areas, make up the larger Asian monsoon system. 
The dynamics of climate change in the Asian monsoon over the Holocene in these 
subsystems is of key interest, given that the instrumental record is short and 
geographically biased and there is a low density of palaeoclimate records of sufficient 
length and resolution to capture long-term broader scale change and variability.  
The response of the Asian monsoon over mainland Southeast Asia is an 
important yet little studied aspect of the monsoon system. This region is of interest due 
to its location on the cusp of the Indian monsoon and East Asian monsoon subsystems. 
Gaining a better understanding of broad scale events in the Holocene as experienced by 
this region can assist in clarifying whether climatic responses in the various geographical 
provinces of the Asian monsoon occur asynchronously or in concert. This deepens the 
understanding of the geographical behaviour of the monsoon in relation to 
teleconnections and forcing mechanisms.  
This study provides a high resolution independently dated record of climate 
variability from the early Holocene, from stable isotopes from authigenic carbonates 
held in lake sediment archives. It presents new insights into the timing of the onset of 
dryer conditions in this region following the Holocene Optimum, which will herald 
valuable insight into the climate dynamics and teleconnections in the tropics in the 
recent past. 
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1 
CHAPTER 1:  Purpose 
 
 
The behavior of the Earth’s hydrological system determines the type and 
distribution of ecosystems and human societies geographically and temporally (Bowen, 
2011). In the Earth’s tropics, human societies are directly reliant on the regularity and 
consistency in the timing and duration of rainfall through the year to support fisheries 
(Zahn, 2003; Badjeck et al., 2010; Allison et al., 2009; Stanford et al., 2013; Payne, 2013), 
agriculture (Overpeck and Cole, 2007; McPhaden et al., 2006; Sinha et al., 2011; 
Selvaraju et al., 2011; Wassmann et al., 2009; Zahn, 2003) and other natural resources 
(de Lopez, 2002). In the Asian tropics, changes in the amplitude and frequency of 
‘extreme’ weather events can have particularly negative impacts on societies, displacing 
tens of thousands of people and costing millions of dollars to recover from (An et al., 
2000, Kouadio et al., 2012; Guhathakurta et al., 2012; Wind et al., 2013). These issues 
are not only significant for modern societies, however – stability and variability in the 
Asian monsoon system have been instrumental factors in the rise, growth and fall of 
ancient civilisations (Buckley et al., 2010, Hodell et al., 2011; Wang et al., 2013). For 
example, during the 14th-15th centuries and again from the 17th-19th centuries, a series of 
multidecadal megadroughts were felt across monsoonal Asia, resulting in famine and 
political reorganisation in India and significant social upheaval in China, Sri Lanka and 
Cambodia’s Khmer civilisations (Lieberman & Buckley, 2012; Sinha et al., 2011; Buckley 
et al., 2010; Wathen, 2011; Overpeck & Cole, 2006). 
The Earth’s climate is dynamic, with changes occurring over a range of 
timescales as a result of both internal and external climate forcing mechanisms 
(Bridgeman & Oliver, 2006; Wanner et al., 2008). The complexity of the Earth System is 
not fully represented in the instrumental record, which is spatially fragmentary and 
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rarely more than a century in length (Berkelhammer, 2010; Gadgil et al., 2007; Wang, 
2002; Yuan et al., 2008; Rajeevan et al, 2008 Kucharksi et al., 2008). It is necessary to 
look further back, however, to understand climatic processes and their forcing 
mechanisms which operate over long temporal and large geographic scales (Lunt et al., 
2013). Climate-sensitive proxies preserved in natural archives such as sediment records, 
ice cores, tree-rings and speleothems are an effective tool to achieve this understanding 
(Cronin, 1999; Bradley, 1999). This knowledge can be used, then, in modelling future 
climate, aiding in the mitigation of the impacts of future extreme weather and climate 
events (Jung et al., 2004; Goswami & Krishnan, 2013; Kumaresan, 2011; Lunt et al., 
2013; Lenton et al., 2008; Nutall, 2012) 
 
The Asian monsoon over mainland Southeast Asia  
The Asian monsoon is the largest atmospheric circulation of its kind on Earth 
(Clift & Plumb, 2008). The rainfall regimes of the Asian monsoon system support, 
directly and indirectly, more than half of the Earth’s population (Alley, 2003; Boyd, 
2008). There are two sub-monsoons that form the Asian monsoon system, the Indian 
and East Asian monsoon systems. The geographical position of mainland Southeast Asia 
falls within the boundary zones of these two distinct sub-monsoon systems, making it an 
interesting area to observe the interactions of these sub-monsoons within the broader 
Asian monsoon system (Kumar et al., 2010; Yihui & Chan, 2005; Yan et al., 2011; Wang 
et al., 2003).  
Forcing mechanisms, such as variation in insolation (Renssen et al., 2012; Berger 
& Loutre, 1991), are known to have a large influence on the strength and variability of 
the monsoon over long periods of time (Haug, 2001). Changes in the strength and timing 
of monsoonal rainfall are also mediated over small and large timescales by 
teleconnections with other parts of the global climate such as the El Nino Southern 
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Oscillation (ENSO) (Charles et al., 1997; Sarachik & Cane 2010; Bridgman & Oliver 2006), 
and the North Atlantic Oscillation and North Atlantic sea-surface temperatures (SST) 
(Hurrell, 1995; Black et al., 1999; Zuo et al., 2013; Nagashima & Tada, 2012).  
The boundary conditions of the Earth’s climate system have remained relatively 
stable since the last deglaciation, and current concerns about climate change in the near 
future require reference to this time period (the Holocene) and the light it can shed on 
the climate processes that are occurring today (Wanner et al., 2008; Buckley et al., 2010; 
Bridgman & Oliver, 2006). There is an increasingly well-resolved understanding of the 
response of the monsoon in various geographical provinces that it covers. However, 
within this, there has not thus far been a high-resolution direct climate proxy record of 
Holocene climate from mainland Southeast Asia (Clift & Plumb, 2008; Negendank, 2004, 
Cronin, 1999, Chiang, 2009). Located between two monsoon subsystems, this particular 
region has the potential to reveal a greater understanding of the coupling between the 
Indian and East Asian sub-monsoons, revealing the complex dynamics that exist within 
the Asian monsoon system (Jung et al., 2004; Black, 2002).  
This research project aims to present a high-resolution, independently dated 
Holocene-aged record of climate variability from mainland Southeast Asia. A record of 
precipitation/evaporation based on stable isotopes preserved in the sediment of closed 
volcanic crater lakes will be used as a proxy for past monsoon behaviour. An earth 
systems science framework will be used to analyse the teleconnections between the 
tropical Asian monsoon as revealed in this new palaeoclimate record and other parts of 
the global climate system in the Holocene (Cronin, 1999; Lenton, 2012; Kageyama, 
2012).   
To understand the climate sensitivity of these Cambodian crater lakes, the 
limnology, geochemistry and stable isotope (δ18O, δ2H) dynamics in lake waters will be 
investigated with references to the impact of basin morphology of these crater lakes. 
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The stable isotope dynamics in lake waters will be compared to meteoric waters to 
investigate how these lakes are related to regional climate. Understanding these 
processes will give an insight into the palaeoclimate information archive held in 
sediment records, with the primary outcome of this study a δ18O stable isotope record 
from carbonates in the sediment.  
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CHAPTER 2:  Literature Review 
 
 
This chapter will begin by describing the Asian monsoon circulation and its key 
sub-monsoon systems (the Indian monsoon and the East Asian monsoon). The forcing 
mechanisms and teleconnections that are major influences on these systems are then 
discussed, in order to understand the ways in which climatic change is mediated 
spatially and temporally in this region. To tie this together, the change in the 
geographical provinces of the monsoon system over the Holocene as recorded in direct 
climate proxies are then described and discussed, focusing on the mid-Holocene.  
In order to better understand lake sediment archives and the proxy records they 
contain, the ways in which deep tropical lakes record climate and the associated stable 
isotope dynamics of precipitation in the tropics will then be considered.  
 
2.1. The Asian monsoon climatic system 
The Asian monsoon is among the most important components of the global 
climate system. It is an important link in global-scale atmospheric circulation and the 
primary manifestation of the hydrological cycle in the tropics (Clift & Plumb, 2008). 
Geographically, the Asian monsoon covers the region from the western Arabian Sea, 
over the Indian subcontinent and East Asia, across the South China Sea and over parts of 
China and the Tibetan Plateau, as well as reaching over the equatorial and sub-
equatorial Indian Ocean and over the Indonesian Islands and northernmost parts of 
Australia (Wang et al., 2005; Clift & Plumb, 2008).  
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Figure 2.1: Region affected by the Asian monsoon (from Black, 2002, p. 528) 
The Asian monsoon is a complex set of subsystems, each with slightly different 
characteristics manifesting uniquely over different provinces depending on geographical 
scales and regions of interest. The two key monsoon provinces relevant to the mainland 
Southeast Asia region are the Indian monsoon and the East Asian monsoon. These 
systems are controlled by the same physical mechanisms; however, their underlying 
geography is different, resulting in sometimes quite distinct and different processes 
(Penny 2012).  
The Asian summer monsoon is driven by trans-equatorial pressure differences 
that are sensitive to changes in insolation over time in tropical and subtropical areas 
(Leushner & Sirocko, 2003; Maher et al. 2008). Heating and cooling of terrestrial land 
masses and adjacent ocean areas occur out of phase as a result of their differing thermal 
properties. Thermal energy stored in the landmass is transferred to the air mass above 
much faster than oceans, and the resulting pressure gradient force causes low-level 
monsoonal winds (Penny, 2012; Riehl, 1979; Hastenrath, 1991). These are reversed 
during Northern-Hemisphere summer and winter in response to changes in the heating 
dynamics of the landmasses involved (Figure 2.1) and these processes are drivers for 
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larger-scale circulation and transfer of moisture through the Earth system (Liu et al., 
2010; Leuschner et al., 2003; Hastenrath, 1991). 
  
Figure 2.2. Schematic representation of (a) summer (August) and (b) winter (January) 
low level monsoon winds over Asia and associate areas of intense precipitation. Grey 
shaded areas indicate rainfall in excess of 300mm/month. Precipitation data NOAA NCEP 
CPC CAMS_OPI, wind data NOAA NCEP-NCAR CDAS-1 mc6190 Intrinsic Pressure Level x 
925mb. Data source: National Weather Service Climate Prediction Centre (data are not 
subject to copyright protection). Image and caption sourced from Penny, 2012, p. 209. 
 
Terrestrial and oceanic regions affected by the Asian monsoon experience a 
biannual change in meteorological conditions – a wet summer monsoon, which brings 
precipitation onto continental areas, and a dry winter monsoon during which there are 
low amounts of precipitation in these areas (Clift & Plumb, 2008). The summer and 
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winter monsoons are loosely coupled systems which respond to a range of internal and 
external forcing mechanisms over a range of timescales (Clift & Plumb, 2008). Mainland 
Southeast Asia lies on the boundary of the Indian summer monsoon (ISM) and the East 
Asian summer monsoon (EASM), making it an important location to understand the 
relationship between these two subsystems and teleconnections that exist between the 
monsoon and other components of the Earth’s climate system. This knowledge can aid 
in the development of robust climate models for the projection of future climate change 
(Masson-Delmotte et al., 2013; Collins & Long, 2012; Clement, 2012; Dearing, 2013). 
Forcing mechanisms directly and indirectly impact the Asian summer and winter 
monsoons, causing variations in strength of each subsystem and in seasonality over time 
(Bradley, 1999, 2005; Maher et al. 2008). This manifests as leads and lags in the onset 
and duration of climatic changes in different parts of the Asian monsoon system (Leng & 
Marshall, 2004; Shakun et al., 2007). Climatic trends overlay and control weather, and 
study of the Asian monsoon system through proxy records stored in terrestrial and 
marine archives indicate that, through the Holocene the Asian monsoon has changed 
strength. In both the Indian monsoon and the East Asian monsoon systems there was a 
strong and rapid intensification of the summer monsoon at the Pleistocene-Holocene 
transition which peaked in response to insolation forcing during a period known as the 
Holocene Optimum, followed by a weakening of summer monsoon flow through the late 
Holocene to drier conditions that in some cases are comparable to the present-day 
monsoon systems. There are debates in the literature regarding the rate and timing of 
these phase changes of the Asian monsoon system (discussed further below). 
Changes in insolation through the Holocene have been instrumental in the 
evolution of monsoonal strength (Hoyt & Schatten, 1997).  Through the late to early 
Holocene, the pole-to-equator insolation gradient decreased as summer insolation in 
the Northern-Hemisphere decreased (Berger & Loutre, 1991). This resulted in an 
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increase of the relative temperature gradient in the Northern-Hemisphere, which 
impacted the position of the ITCZ (Cai et al., 2012; Dong et al., 2010; Haug et al., 2001; 
Fleitmann et al., 2007; Gergana et al., 2007). The precession-driven shift in timing of 
Northern-Hemisphere peak insolation through the early and mid-Holocene amplified 
contrasts between the Asian summer and winter monsoon, which increased seasonality 
compared to the early Holocene (Maher, 2008; Cosford et al., 2008).  
 The strength of the Asian monsoon subsystems (Indian and East Asian) have 
been linked to changes in atmospheric and oceanic circulation regimes in the North 
Atlantic (North Atlantic Oscillation and sea-surface temperatures respectively). Strong 
summer monsoonal rainfall has a tendency to correlate with anomalous high sea-
surface temperature anomalies in the northwest Atlantic and low temperatures in the 
tropical and subpolar ocean (North Atlantic sea-surface temperature tripole) over 
decadal timescales (Gu et al., 2009; Black et al., 1999; Berkelhammer et al., 2010). The 
North Atlantic is teleconnected to the Asian summer monsoon through atmospheric 
processes via diabatic heating of the North Atlantic-Eurasia region which impacts energy 
dispersion through Rossby waves (Zou et al., 2013). In addition, changes in the oceanic 
thermohaline circulation that originate in the North Atlantic due to changes in solar 
activity could result in a cooling of (and decrease in warmth delivered to) the Indian 
Ocean, which would then act to enhance the heat differential between the ocean and 
landmass, impacting the strength of summer monsoon flow (Hong et al., 2003; Cai et al., 
2012; Charles et al., 1997). Similar teleconnections have been made between sea-
surface temperatures in the western tropical Pacific, the primary moisture source for 
the East Asian monsoon, to changes in rainfall over continental areas of East and South 
China (Jiang et al. 2012).  
The Asian summer monsoon has been linked to the palaeo-ENSO through ocean 
thermohaline circulations, which facilitated a connection between the North Atlantic 
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ice-raft debris events and sea-surface temperatures and the tropical Pacific during the 
deglaciation (Hong et al., 2003, 2005; Selvaraj et al., 2007). The Hongyuan peat bog in 
the Tibetan Plateau and Kusai Lake, northwest China, shows evidence of the 
teleconnections between the North Atlantic and the Asian monsoon continuing into the 
Holocene (Hong et al., 2003, 2005; Liu et al., 2009b, Bond et al., 1997, 2001). The 
mechanism behind this teleconnection is believed to be abrupt reorganisation of the 
ocean thermohaline circulation, causing redistribution of energy in the oceans and 
changing temperature and moisture gradients in the subtropical Indian Ocean, hence 
affecting the land-sea thermal contrast which drives Indian monsoonal circulation (Sung 
et al., 2006; Huang & Sun, 1992; Zhou et al., 2012; Rogers, 1984). Tree-ring records in 
Java, Indonesia, have suggested a link between Pacific and Indian Oceans impacting 
upon monsoonal precipitation through ENSO (D’Arrigo et al., 2008). Terrestrial records 
of Indian Monsoon precipitation in India from the late Holocene (Charles et al., 1997; 
Yadava & Ramesh, 2005, 2007; Sinha et al., 2007) report teleconnections between the 
Asian monsoon and solar activity and ENSO in the late Holocene period, while some 
marine records show linkages between the Indo-Pacific Warm Pool and ENSO impacting 
monsoonal circulation in the Holocene (Gagan et al., 2004; Wanner & Bronniman, 2012). 
There is evidence of megadroughts in India in the 14th and 15th centuries (Sinha et al., 
2007), and broad-scale abrupt climate change events, for example the Little Ice Age (ca. 
1400-1850 A.D.)  (Mann, 2002a) and Medieval Warm Period (ca. 900-1300 A.D.) (Mann, 
2002b), have been recorded in the Indian speleothems. Links have also been made in 
historic records showing lower summer monsoonal rainfall when the Pacific Decadal 
Oscillation and ENSO are in phase and vice versa (Chan & Zhou, 2005). 
There is a large body of work focused particularly on the Quaternary history of 
the Asian monsoon, representing the last 2.6 million years, including the most recent 
glacial maximum and the subsequent deglaciation (Shakun et al., 2007, Alley et al., 1993, 
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Anderson et al., 1993; Burns et al., 2003; Chiang et al., 2003; Chiang & Bitz, 2005; 
Dykoski et al., 2005; Hughen et al., 1996; Hughen et al., 2000; Lea et al., 2000; Lea et al., 
2003; Overpeck et al., 1996; Sinha et al., 2005; Sirocko et al., 1996; Wang et al., 2005; 
Yadava & Ramesh 2007). There are, however, fewer higher-resolution records of 
Holocene climate, particularly in regions on the boundary between Indian and East Asian 
monsoon provinces. It is important to extend the body of knowledge regarding the 
dynamics and mechanisms of the Asian monsoon system as a whole, as well as the 
interactions and couplings between subsystems, in the context of the global climate 
system (Jouzel et al., 2000; Thompson et al., 2006).   
The majority of terrestrial archives of Holocene Asian monsoon climate capture 
changes in precipitation in the summer monsoon over time. There are a number of 
studies that consider the Indian summer monsoon in Oman using speleothem archives 
and the Arabian Sea using sediment archives that extend through the early to late 
Holocene (Anderson et al., 2010; Clemens et al., 1991; Tiwari et al., 2006; Doose-Rolinski 
et al., 2001; Sirocko et al., 1993; Gupta et al., 2003, 2005), however speleothem studies 
in India do not extend back beyond the early to mid Holocene (Sinha et al., 2007). The 
Tibetan plateau has a number of lake sediment studies that extend through the 
Holocene, and in Southwest China there are some key speleothem studies which 
capture changes in the Asian monsoon at the boundary between the Indian and East 
Asian provinces, as will be further discussed. In South China and Central China, there are 
also a host of key studies in Holocene climate dynamics of the East Asian summer 
monsoon utilising speleothem archives. Over all of these studies, there is debate 
surrounding the timing and rate of change of the transition from the Holocene Optimum 
in both the Indian and East Asian subsystems, where a strong summer monsoon from 
the early Holocene weakened (Nakamura et al., 2012). The timing and extent of this 
transition through the entire Asian monsoon system is not clearly resolved, as there is a 
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low density of studies into the response of the Asian monsoon provinces in the mid 
Holocene provinces through the South and Southeast Asia region (Charles et al., 1997; 
Yadava & Ramesh, 2005, 2007; Sinha et al., 2007; Berkelhammer et al., 2010; Sinha et 
al., 2007). Mainland Southeast Asia is an ideal location to explore this further, due to its 
key location on the boundary between the Indian summer monsoon province and the 
East Asian summer monsoon province.   
The exploration of changes in the strength of the summer monsoon alongside 
the winter monsoon, expressed as increases or decreases in seasonality, are not 
common in high-resolution terrestrial records. Marine sediment records are more often 
used to consider changes in strength and stability of the Indian winter monsoon (such as 
studies in the Arabian Sea by Gupta et al., 2005; Thamban et al., 2007; Anderson et al., 
2002) and East Asian winter monsoon (such as studies in the South China Sea by Steinke 
et al., 2011; Liu et al., 2010; Wang et al., 1999). Although the primary focus of this study 
is the changing precipitation dynamics over the mainland Southeast Asian region 
through the Holocene, mention will be made of changes in seasonality linked to the 
winter monsoon.  
A number of abrupt climatic changes have been recorded in palaeoclimatic 
studies of the Asian monsoon. These abrupt changes have been very rapid 
reorganisations in the ocean-atmosphere system passing through teleconnections to 
manifest in changes in monsoon circulations (and other parts of the Earth system) 
(Trenberth et al., 2000; Street-Perrot & Perrot, 1990; Wanner et al., 2011). North 
Atlantic Cold Events (Bond et al., 1997) are of key interest to the Asian monsoon as they 
have been recorded in records from a number of sites (Thamban et al., 2007; Morrill et 
al., 2003; Overpeck & Cole, 2006; Wang et al., 2005; Mayewksi et al., 2004; Stager & 
Mayewski, 1997).   
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2.2. Changes in Holocene precipitation dynamics of the Indian and 
East Asian summer monsoons from direct climate proxy records 
The Holocene Optimum was a period of peak postglacial warmth related to 
orbitally-forced insolation changes in the precession band, amplified by feedback 
mechanisms internal to the Earth System (Renssen et al., 2012). Precipitation records 
from various areas around the Earth correlate with this temperature optimum, 
indicating a generally warm, humid period between 9-5ka BP that occurred 
asynchronously across the globe with anomalies of >5°C in high latitudes and as small as 
<0.5°C over tropical oceans compared to the preindustrial climate (Renssen et al., 2012). 
In the body of literature exploring the behavior of the Asian monsoon through the 
Holocene, there are spatial variations in the reported time of weakening of the summer 
monsoon circulation in the early-mid Holocene, after the wet Holocene optimum period. 
Table 2.1. shows broad trends in the difference geographical regions of the Asian 
monsoon relevant to this study.  
Fleitmann et al., (2006), Fleitmann et al., (2003) and Neff et al., (2001) 
concluded that changes in the mean latitudinal position of the intertropical convergence 
zone (ITCZ) are related strongly to changes in the hydrological cycle in the tropics. They 
interpret the continuous southward migration of the ITCZ during the mid to late 
Holocene, a result of solar forcing as a result of changes in insolation, being instrumental 
in the gradual decrease in the strength of the Indian summer monsoon over the Oman 
region. Speleothem records from Hoti cave in Northern Oman, Qunf and Defore Cave in 
Southern Oman, and Dimarshim Cave in Socotra, Yemen suggest that in this region, 
monsoon precipitation was generally high from 9.6-5.5 yrBP, with a long-term gradual 
decrease in monsoonal precipitation starting at ~8ka BP. There is a hiatus in the record 
from 2.7-1.4ka BP, and when the stalagmite record resumed at 0.4ka BP, δ18O values are 
 14 
 
Table 2.1: Chronology of inferred precipitation changes of the summer monsoon strength in different regions and sub-monsoons of the Asian monsoon 
system through the late to early Holocene. Upper boundary of ‘gradual weakening’ of monsoon flow due in some cases to the termination of available 
records.  
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comparable to the present day. Although providing a valuable insight into the dynamics 
and mechanisms of the Indian summer monsoon in this region of the monsoon province, 
these records are not definitive, with fragmentary time series spanning a very narrow 
latitudinal transect and thus not able to capture broad scale temporal or latitudinal 
responses to changes in the position of the ITCZ comprehensively. However, their 
contribution to understanding the dynamics and mechanisms of the Indian summer 
monsoon is, nonetheless, valuable.  
In India, speleothem records tend to cover the early or late Holocene. The 
amount effect, a distinctive feature of stable isotopes in precipitation in tropical areas 
defined by Dansgaard (1964) & Rozanski et al., (1993) which will be described in detail 
later in this chapter, strongly influences the oxygen stable isotope records in this region 
(Yadava & Ramesh, 2005, 2007). Studies from Akalgavi cave in the UK district of India 
link seasonal, decadal and century-scale variability in the Indian summer monsoon to 
solar activity, with a number of large-scale droughts in the past 2ka BP linked to low 
solar activity and (Yadava & Ramesh, 2007; Bhattacharya & Narasimha, 2005). Late 
Holocene records from Dandak cave in Chhattisgarth, southern central India, link 
multidecadal sea-surface temperature variability in the North Atlantic (North Atlantic 
Oscillation, NAO) with variability in Indian summer monsoon rainfall amount (Sinha et 
al., 2007; Berkelhammer et al., 2009). The Indian summer monsoon maintains a strong 
teleconnections with the NAO and the El Nino southern oscillation (ENSO) over 
multidecadal timescales which may have weakened through the late Holocene 
(Berkelhammer et al., 2009; Krishna Kumar et al., 1999). Changes in the North Atlantic 
cause a displacement of the ITCZ and intensification of the low-level monsoon jet, and 
impact the meridional temperature gradient across the south Asian landmass (Li et al 
2008, 2013; Goswami et al., 2006; Berkelhammer et al., 2009; Srivastava et al., 2002). 
ENSO influences on ISM are thought to be dependent upon prevailing regional boundary 
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conditions and so are non-stationary, varying with changes to other boundary conditions 
such as the Indian Ocean Dipole (IOD) (Goswami & Xavier, 2005; Kumar et al., 2006; 
Ashok et al., 2004; Chang et al., 2001). Although these records are relatively short in 
timescale, the insight they offer on the mechanisms involved in change in the broader 
Asian monsoon highlight the importance of understanding the full spectrum of monsoon 
behavior on all timescales (Berkelhammer et al., 2009; Meehl et al., 2009).  
Over long time scales, the Qinghai-Tibet Plateau has impacted the evolution of 
the Asian monsoon, and continues to strongly impact upon global circulation dynamics 
(Cai et al., 2012). Clear responses to orbitally-forced insolation changes in the Holocene 
and teleconnections to high Northern latitude temperature changes and NOA on a 
variety of timescales have been made in studies on the Indian summer monsoon in this 
region (Liu et al., 2009a; Bard & Frank, 2006; Shen et al., 2005; Rind, 2002; An et al., 
2001; Ruddiman & Kutzbach, 1991; Overpeck et al., 1996; Haigh, 1996; Gasse et al., 
1991; Thompson et al., 1989). Records from the Tibetan Plateau indicate strong early-
mid Holocene Indian summer and East Asian summer monsoons which persisted as far 
into the mid-Holocene as 5500 yr BP before a gradual decline through the mid to late 
Holocene (Cai et al., 2012; Zhang et al., 2011; Hong et al 2003). Other studies suggest 
abrupt declines in summer monsoon strength at 7500-7000 yr BP, and again at 4700 yr 
BP in this region (Morrill et al., 2006). Recent speleothem aragonite records from Siddha 
Baba Cave, central Nepal, suggest a recent shift towards more humid conditions in the 
region since ~1.5kaBP (Denniston et al, 2000). 
 The δ18O record from Shigao cave in Southwest China clearly shows evidence for 
strong summer monsoonal circulation from the early Holocene until 6.6 kaBP, after 
which there is a gradual decline in precipitation until 1.6ka BP and relatively low 
precipitation from 1.6 kaBP until the present (Jiang et al., 2011). This cave is located in 
an area that receives rainfall from both the Indian summer and East Asian summer 
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monsoons, thus receiving moisture sourced from both the Indian Ocean and the 
western tropical Pacific. It is suggested that this combination of moisture sources 
contributed to the spatially asynchronous end of Holocene Optimum conditions in this 
region (Jiang et al., 2011; Liu et al., 2008). 
Dongge cave in Southern China (Wang et al., 2005; Dykoski et al., 2005; Hu et al., 
2008) shows a strong East Asian summer monsoon circulation from 9-7ka BY, followed 
by a gradual weakening until 0.2 kaBP. Sanbao cave in Central China shows evidence for 
a strong East Asian summer monsoon circulation through the early Holocene to 9.5ka BP 
followed by a relatively stable period from 9.5-6.5ka BP, after which there is a gradual 
decrease in intensity of monsoonal flow until 0.2 kaBP (Dong et al., 2010). This is a key 
record of East Asian monsoon summer variability through the Holocene, however Maher 
(2008) argues that these records could be reinterpreted to represent rainfall source 
rather than rainfall amount. Zhang et al (2011) suggest that rainfall dynamics in the 
Indian summer monsoon provinces and the East Asian summer monsoon provinces are 
different, as are their moistures sources. This reinforces the need to further clarify the 
dynamics of the interactions of the Indian summer monsoon and East Asian summer 
monsoon.  
The Cambodian crater lakes, which will be considered in this study, are relatively 
unstudied and their value as archives for Holocene climate change and variability is 
almost untapped. Maxwell (1999) conducted the first study exploring the use of lake 
sediment archives from these lakes, undertaking sedimentological and palynological 
study on the sediments of Yeak Kara. Based upon his analyses, he constructed a high-
resolution record of the major transitions in monsoon behavior from an abrupt 
transition to a warmer, more humid system at the Pleistocene-Holocene transition ca. 
8400 14C BP, a Holocene Maximum where the summer monsoon as at its strongest 
through the Holocene from 8400-5300 14C BP, a sharp transition to a dryer monsoon 
 
18 
from 5300 14C BP. Maxwell’s core was not absolute dated and generated a vegetation 
record to indicate these climatic shifts and transitions. Vegetation filters the climate 
signal, and Maxwell’s work serves to highlight the potential of these lakes for 
palaeoclimate studies, begging the possibilities for the possibility of a high-resolution 
absolute-dated record using a direct climate proxy for clarifying the behavior of the 
monsoon over mainland Southeast Asia over these time periods. 
 
2.3. Lake sediments as proxies for past climate 
2.3.1. Deep tropical lakes and climate 
Lakes in tropical regions differ in a number of ways from lakes in mid and high 
latitudes (Lewis Jr., 1996). Primarily, lakes in the tropics receive higher annual irradiance 
with little variation through the year as compared to lakes of higher latitudes (Lewis, 
1987). This has key implications for the temperature and density dynamics in tropical 
lakes, where mixing is not as strongly related to changes in temperature as a result of 
seasonality as in higher latitudes (Lewis, 2010). Water bodies can be much more stable 
in tropical areas and biological yields can be quite high because of higher temperatures 
through the year (Lewis, 2010). Mixing in tropical lakes is linked to changes to the 
meteorological and climatic parameters of wind stress and heat content due to low 
Coriolis effect, low maximum stability and high response of stability to changes in heat 
content, unlike temperate and polar lakes which are more sensitive to seasonal 
temperature (Lewis, 1987; Williams, 2013; Cohen et al., 2003). Deep stratified tropical 
lakes can produce high-resolution archives of past climate, as they can have high 
sedimentation rates as a result of high primary productivity, accompanied by low levels 
of sediment disturbance due to anoxic conditions near the lake bottom as a result of 
stratification (Zolitschka, 2005).  
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Stable isotopes in lake sediment archives are commonly used as a proxy for past 
climate (Leng & Marshall, 2004). When considering past climate, it is of vital importance 
to consider how the proxy links to past climatic conditions, which is often quite complex, 
in order to ensure that the interpretation is valid (Darling, 2003; Li & Ku, 1997; Gat & 
Lister, 1995). A number of closed-basin stratified lakes have been studied for present 
day limnological characteristics (e.g. Katsev et al., 2010; Reid et al., 2012; Kebede et al., 
2006; Holm-Hansen et al., 1976; Crowe et al., 2008) and palaeoclimate in China (Johnson 
& Ingram, 2004; Peng et al., 2005; Wang et al., 2008; Hodell et al., 1999), Siberia (Kalugin 
et al., 2013), Tibet (Cai et al., 2012; Liu et al., 2009), South America (Vazquez et al., 2004; 
Schwalb et al., 1999; Lewis & Welbezahn, 1981), North America (Schelske & Hodell, 
1995, 1991; Treese et al., 1981; Brenner et al., 1999; Kirby et al., 2004; Cohen et al., 
2000), Africa (Lamb et al., 2005; Blaauw et al., 2011; Shanahan et al., 2008, 2007; 
Giresse et al., 1991), Greenland (Anderson & Leng, 2004), Europe (Leng et al., 1999; 
Mingram, 1998), Switzerland (Teranes & McKenzie, 2001; Schaller et al., 1997), 
Indoneisa (Crausbay et al., 2006) and Australia (Walker, 2007; Walker et al., 2000; Last & 
de Deckker, 1990; Chivas et al., 1993). 
In closed-basin stratified lakes, vertical mixing can be a vehicle for the resupply 
of nutrients from nutrient-rich hypolimnion waters to epilimnion waters (Lewis Jr, 2010; 
Hodell et al., 1998; Walter, 2002; Chu et al. 2000; Nelson et al., 2009). Such conditions 
do not occur annually in tropical lakes but are triggered by changes in meteorological 
conditions, which are mediated by climate forcing mechanisms on longer timescales 
(Leng & Marshall, 2004; Boehrer & Schultze, 2008; Williams, 2013; Brauer et al., 2004). 
Biogenic carbonates form when calcium ions, normally in solution in the surface waters 
of the lake, precipitate out due to super-saturation in response to increasing alkalinity 
(Rickaby & Schrag, 2005; Nelson et al., 2009; Leng & Marshall, 2004). This increase in 
alkalinity occurs as a result of a surge of biological activity, for example algal blooms, in 
 
20 
response to lake turnover whereby nutrient-rich hypolimnion waters mix with 
epilimnion waters, resulting in increased nutrient availability in surface waters. These 
carbonates may form as euhedral crystals in the water column or as early-diagenetic 
features within the sediment column (Rickaby & Schrag, 2005; Nelson et al., 2009). The 
distinction between these pathways of precipitation is critical from a climate science 
perspective, because carbonates that form in the sediment column record the isotope 
chemistry of interstitial pore waters rather than lake surface waters, while lake surface 
waters are exposed to climate variations (Eugster et al., 1978; Leng & Marshall, 2004). 
 
2.3.2. Stable isotopes and the amount effect in tropical areas 
Stable isotopes in precipitation are a key tool in understanding the dynamics of 
monsoon processes and driving mechanisms over time. The complexities of isotopic 
fractionation during processes such as precipitation, condensation and mixing within air 
masses during transportation can highlight regional-scale processes and patterns in 
stable isotope distribution (Rozanski, 2005; Gat, 2005; Liu et al., 2009; Wei & Gasse, 
1999; He et al., 2006; Jouzel et al., 2000; Aggarwal et al., 2004; Rozanski et al., 1992; 
Singh, 2013; Gourcy et al., 2005). These features also occur on regional scales, but can 
be blurred in broad-scale global analyses (Kurita et al., 2009). In addition to spatial 
variations in isotope distribution, there are temporal variations that occur on a range of 
time scales from minutes to decades and longer, and these can be linked to broader-
scale regional and global processes (Jouzel et al., 2005).  
In low-latitude areas, there is a strong negative correlation between the amount 
of precipitation and stable isotope ratios in precipitation and weak correlation with 
temperature on regional scales, known as the amount effect (Dansgaard, 1964; Rozanski 
et al., 1993). The amount effect is potentially of particular interest in this study, which 
 
21 
focusses on the Asian tropics, as it is the principal factor controlling spatial and temporal 
distribution of stable isotope in precipitation in tropical areas. At 30⁰N/S, there is a 
sharp transition in the dominating factor affecting the isotopic content of precipitation 
from the amount effect to the temperature effect (Bowen, 2008). Rainfall in the Asian 
monsoon region tends to displays the amount effect in summer (monsoonal) 
precipitation. Analyses of stable isotope values of precipitation in the Asian monsoon 
region reveal rhythmic cycles over the course of a year, with depletion in measured 
values evident during monsoonal (summer) months and enrichment in dryer months in a 
range of studies that have been carried out on the isotopic composition of meteoric 
waters of mainland southeast Asia (Yang et al., 2011, Aggarwal et al., 2004; Kumar et al., 
2010a, 2010b; Warrier & Babu, 2011; Araguas-Araguas & Froehlich, 1998; Bhattacharya 
et al., 2003; He et al., 2006; Conroy & Overpeck, 2011). Sites across this area vary in 
specific timing of monsoonal rainfall. However, the same trend in the isotopic content of 
precipitation during wet and dry months appears across the region. Although the 
amount effect is a dominating factor influencing the isotopic content of precipitation 
throughout the year, temperature, distance from the coast (continentality) and altitude 
coexist alongside it although having significantly weaker influence on the isotopic 
content of precipitation (van der Veer et al., 2009).  
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CHAPTER 3:  Materials & Methods 
 This chapter has three key themes –the geochemistry of lake waters, links 
between stable isotope dynamics in meteoric and lake waters, and the details of 
sediment archives of palaeoclimate. The field, laboratory and data analysis methods 
used in each of these will now be described after the study sites and sampling periods 
are introduced.  
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3.1. Study sites 
This study is focused on Ratanakiri province, northeastern Cambodia (Figure3.1).  
 
Figure 3.1: Location of study region in a global context 
 
Within this province there are a number of maar lakes – Yeak Loam, Yeak Oam, 
Yeak Kara and Boeng Lumkut near the small town of Ban Lung (Figure 3.2).  
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Figure 3.2: The location of the Cambodian crater lakes in the Ratanakiri province 
 
The Cambodian crater lakes are maars located in north-eastern Cambodia. A 
large, diffuse basalt province produced in the Cenozoic extends over large parts of 
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northeast Cambodia, central Vietnam and southern Laos (Hoang & Flower 1988). A 
series of phreatic explosions have occurred in this basalt, resulting in the formation of a 
number of hollows that have since filled with water and formed lakes. Over time, 
aeolian-derived, eroded and authigenically produced material fill the crater basins, 
settling as sediment at the bottoms of these lakes (Wetzel, 1957).  
Lake waters have been sampled with depth over time to investigate patterns of 
change in water quality, chemistry and stable isotopes, and sediments have been cored 
and analysed for geochemistry and stable isotopes.  
Table 3.1: Qualitative summary of meteorological conditions in Ratanakiri province 
during monitoring expeditions 
Time period Nov/Dec 
2011 
February 
2012 
July  
2012 
November 
2012 
April  
2013 
Active 
monsoon 
period 
Dry (start 
of NE 
Winter 
monsoon)  
Dry 
(mid/end 
of NE 
Winter 
monsoon) 
Wet (start 
of SW 
Summer 
monsoon) 
Dry (start 
of NE 
Winter 
monsoon)  
Wet (start 
of SW 
Summer 
monsoon)  
Temperature Low, 
decreasing 
High, 
increasing 
High, 
decreasing 
Low, 
decreasing 
Peak hot 
Precipitation Low Low High Low High 
 
Water samples taken in Nov/Dec 2011, February 2012 and November 2012 are 
taken to be representative of stages of the dry winter (northwest) monsoon (Table 3.1). 
Within these samples, Nov/Dec 2011 and Nov 2012 samples are noted to be closer the 
beginning of the dry season, while Feb 2012 samples are more towards the end of the 
dry season, and limnological, biogeochemical and isotopic processes for these time 
periods are interpreted within this context. Samples taken in July 2012 and April 2013 
are taken to give an indication of how these processes respond to the beginning of the 
wet season brought on by rainfall from the southeast. Within these two samples, in April 
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2013 annual temperatures were at their peak, while in July 2012 temperatures were 
declining. 
 
3.2. Limnology and geochemistry of tropical crater lakes 
3.2.1. Data acquisition 
3.2.1.1. Field Methods  
3.2.1.1. a. Bathymetric survey 
In a lake system, basin morphology can control to a large degree the types of 
physical, chemical and biological processes that occur and the timing and rates at which 
they change (Wetzel, 1957). In late November-early December 2011, sonar and GPS 
measurements were used to conduct bathymetric surveys for all lakes, and these data 
were used to estimate water depth and basin morphology.  
Sonar depth measurements were taken using a single-beam CEESTAR sonar with 
a high-frequency transducer affixed to an inflatable boat. The sonar procured depth 
measurements (in metres) every second along a series of parallel and perpendicular 
swaths across the lakes. A Trimble Nomad GPS running ArcPAD 10 provided coordinates 
(WGS-84 UTM zone 48N) for each measurement, and the data were streamed to a 
laptop using HyperTerminal. Bathymetric maps were subsequently made, and these 
data were used to assist in selecting suitable sites for sediment coring, specifically to 
avoid slopes and areas adjacent to slopes where slides and debris flow could potentially 
compromise the sediment sequence, and to assist in understanding the limnological and 
biogeochemical processes within these lakes. The locations selected for sediment coring 
were used as reference points for all subsequent water sampling, relocated at the time 
of sampling using GPS coordinates.   
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3.2.1.1. b. Water quality profiling 
In order to understand the limnological characteristics through the water 
columns of these lakes over time, water quality profiling was conducted on all lakes 
(Yeak Loam, Boeng Lumkut, Yeak Kara, Yeak Oam) at roughly four month intervals over 
the course of the fifteen-month period spanning December 2012 to April 2013 
(November/December 2011, February 2012, July 2012, November 2012 and April 2013) 
in order to monitor changes in water chemistry over time. Bathymetry data were used 
to select the deepest point in the lake basin to deploy the sonde, enabling a 
comprehensive snapshot of the water column to be captured (Table 3.2).  
Table 3.2: Sampling locations 
Location Latitude  
(decimal degrees) 
Longitude  
(decimal degrees) 
Yeak Loam 13.726640 N 107.018480 E 
Yeak Lumkut 13.526621 N 107.184905 E 
Yeak Oam 13.547023N 107.137071 E 
Yeak Kara 13.549304 N 107.139844 E 
 
A YSI L6920V2-M water quality sonde was used to measure depth (m), 
temperature (⁰C), electrical conductivity (uS/cm), pH and optical dissolved oxygen 
(saturation %). The sonde was fitted with a number of probes (YSI 6560 
conductivity/temperature probe, YSI 6160+ ROX optical dissolved oxygen sensor and YSI 
6561 pH sensor) and calibrated using EcoWatch Lite 1.0.0.3. Conductivity and 
temperature were calibrated in the lab, while pH and dissolved oxygen were calibrated 
in the field prior to deployment (for pH calibration, an acidic standard at pH 4.0 was 
used alongside a neutral standard).  
Using a laptop, the EcoWatch software package was used to program the sonde 
to record measurements at one-second intervals in unattended mode. Measurements of 
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water quality parameters were captured as the sonde was deployed at a slow, steady 
rate vertically through the water column.  
 
3.2.1.1. c. Major ions analysis 
The analysis of major ions in lake waters with depth over time gives insights into 
the chemical processes occurring within the lakes as well as biological and geochemical 
processes and their triggers (Eugster & Hardy, 1978). 
 The collection of lake water samples for major ion analysis using ICP-AES 
occurred alongside and in the same locations as sonde measurements of in-situ water 
column water quality measurements. A Ruttner water sampler attached to a rope that 
had been pre-marked at one metre increments was used to collect discrete water 
samples at ten-metre depth intervals. For each sample, a 500 mL plastic beaker was 
triple rinsed with collected water before being filled with sample water. A 12 mL 
volumetric syringe fitted with a 0.45 μm filter was used to fill two 7mL plastic centrifuge 
tubes, to which a few drops of nitric acid were added. The acid was used to reduce the 
pH of the sample to prevent elements in solution precipitating in transit. In order to 
check for precision during ICP-AES, duplicate samples were taken at each sampling 
depth. 
 
3.2.1.2. Laboratory methods  
3.2.1.2. a. ICP-AES elemental analysis for major ions 
To understand the changes in distribution and concentration of nutrients in the 
water columns of the studied lakes, a selection of major ions were measured from water 
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samples using an Inductively Coupled Plasma Atomic Emissions Spectroscopy unit (ICP-
AES) concurrently at specific wavelengths - calcium (measurement λ = 317.933), 
potassium (measurement λ = 766.491), magnesium (measurement λ = 279.800), sodium 
(measurement λ = 589.592), sulfur (measurement λ = 181.972), iron (measurement λ = 
238.204), aluminium (measurement = λ 396.152), barium (measurement λ  = 455.403), 
silica (measurement λ  = 181.972) and strontium (measurement λ = 407.771). 
Wavelengths against which each element was measured were chosen to provide the 
best balance between sensitivity and minimal interferences from other elements. 
Four standards for each element of interest were made over the range of 
expected concentrations, with concentrations doubling for each successive standard 
(Table 3.3). Standards were prepared by serial dilution from a commercially prepared 
standard solution containing all elements to be determined used alongside blanks of 
distilled water for calibration. 
Table 3.3: Details of standards prepared for ICP-AES analysis of lake water samples 
Element: 
 Al Ba  Ca  Fe  K  Mg  Na  S  Si  Sr  
Blank  
(distilled 
water) 0 0 0 0 0 0 0 0 0 0 
Standard 1 2.5 0.625 2.5 2.5 2.5 2.5 2.5     0.625 
Standard 2 5 1.25 5 5 5 5 5     1.25 
Standard 3 10 2.5 10 10 10 10 10     2.5 
Standard 4 20 5 20 20 20 20 20     5 
Standard 5               3.02679 2.5   
Standard 6               6.05357 5   
Standard 7               12.1071 10   
 
One to ten dilutions of each sample were injected into the instrument three 
times so that there were three replicate values for each sample, enabling determination 
of measurement precision. 
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3.2.2. Data analysis 
3.2.2. a. Bathymetric survey 
Interpolated models of the lake basin bathymetry were generated as 
triangulated irregular network (TIN) models in ArcMap 10.1 using the 3D analyst 
extension. Delaunay triangulation was used to determine topology between points, and 
this method was more effective than generating DEMs given that data points were not 
evenly distributed (Burrough & McDonnell, 1998).  Contours were then extrapolated 
from TINs using linear interpolation.   
The sonar signal returned falsely shallow depths in some cases, due to the 
presence of macrophytes in shallower regions of the lake basins such as the south-
western edge of Boeng Lumkut and throughout Yeak Kara . The generated bathymetry 
data for Yeak Kara are particularly low quality since the lake is shallow and macrophytes 
are prolific throughout the basin. There were too few datum points to generate a 
credible bathymetric map of Yeak Mai, which also supported extensive macrophytes 
communities. 
The use of sonar to determine the bathymetry of a lake makes it inherently 
difficult to gain an accurate view of the lake edge and hence accurately determine the 
surface area of the lake. Sonar data may give a smaller than actual surface area for these 
lakes, given that the boat did not navigate around the water edges, instead staying a few 
metres in where water was deep enough to not get falsely shallow signals from 
macrophytes and underlying logs. As the focus of use for bathymetric data is on the 
centre of these lakes, where sonar measurements should be more accurate, uncertainty 
regarding the shape of the basin around the lake edges should have minimal impact on 
the study. The bathymetric maps used in this study utilise the WGS1984 UTM zone 48N 
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projected coordinate system, meaning that the calculated surface area and volume of 
these lakes are in m2 and m3 respectively which were later converted into km2 and 
megalitres. 
 
3.2.2. b. Water quality profiling 
In order to understand stratification in these lakes and the degree of change 
with depth of limnological characteristics over time, water quality profiling of these 
lakes was conducted through the water column during a number of sampling periods.  
Water quality parameters (depth, temperature, pH, dissolved oxygen and 
specific conductivity) were plotted in R 3.0.3 using the ‘ggplot’ package for display. The 
script used to generate these plots is given in Appendix 1.  
The thermocline for each lake in each time period was quantified as the rate of 
change of temperature using the following equation: 
∆𝑇
∆𝑧
=
(𝑇𝑛 − 𝑇𝑚)
(𝑛 − 𝑚)
 
where for each 1 m segment of water, n is the temperature at the top of the metre-high 
segment of water, and m is the temperature at the bottom. Results of these analyses 
were tabulated and are available in subsequent chapters. 
 
3.2.2. c. ICP-AES elemental analysis for major ions 
In the analysis of these data, multiple measurements were taken for each 
sample. An average value with standard deviation was generated, making it possible to 
estimate the precision associate with each sample.  
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3.3. Stable isotopes in meteoric and lake waters 
When considering the stable isotope composition of precipitation, it is 
important to investigate how representative these ratios at a particular sampling 
location are of their vapour source (Liu et al., 2009; Wei & Gasse, 1999; He et al., 2006; 
Jouzel et al., 2000; Aggarwal et al., 2004; Rozanski et al., 1992; Singh, 2013; Gourcy et 
al., 2005). In order to understand the δ18O and δ2H stable isotope dynamics that occur 
within the Cambodian craater lake systems and whether these relate to regional climate 
(the Asian monsoon system), lake surface waters and meteoric waters were sampled 
and isotopic dynamics compared over time. In addition to this, the isotopic composition 
of lake waters with depth was monitored to explore the extent to which the input of 
meteoric waters to the lake modified isotopic composition of waters.  
 
3.3.1. Data acquisition 
3.3.1.1. Field Methods 
3.3.1.1. a. Lake water sampling 
To explore δ18O and δ2H stable isotope dynamics through the water column, a 
series of samples of lake water were taken with depth in each lake over the sampling 
periods. The collection of lake water samples for stable isotope analysis was conducted 
at the same locations and times as the collection of lake water for major ions analysis. 
For each depth, the water collected using a Ruttner water sampler (as outlined in 
Section 3.1.1.3) and transferred into two 3mL glass MacArthur bottles using a 12mL 
volumetric syringe fitted with a 0.45μm filter, filling each bottle completely to avoid air 
bubbles that could permit further isotopic fractionation within the sample bottle. These 
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were labelled and bagged, with duplicate samples taken to allow the precision to be 
verified. 
  
3.3.1.1. b. Rain water sampling  
Rainwater was collected and analysed for δ18O and δ2H stable isotope ratios 
over a two year period from 14 July 2012 to 15 July 2014 to assess changes over time 
and relationship to the global meteoric water line, hence regional climate (Gat, 2005). 
These samples were collected from a rain gauge on the rooftop of the Ministry of 
Environment offices in Ban Lung, Ratanakiri province [13.746804 N, 107.004519 E 
decimal degrees, 331m a.s.l.]. This location was chosen for convenience for monitoring 
personnel, and the short distance between the rainwater monitoring station and the 
lake meant that it was likely that precipitation over these two sites would be sourced 
from the same or nearby rainfall cells. Collection of these water samples followed the 
technical procedures suggested for stable isotope analysis by the Global Network of 
Isotopes in Precipitation technical procedures (IEAE-WMO 2012).  
Rainfall volume and timing was monitored using an ICT tipping bucket rain 
gauge connected to an ML1 Mini Log data logger. The data logger recorded each 0.2 mL 
of water that entered a plastic funnel and fell through the rain gauge into the bottom of 
a collection spigot by a pipe. Evaporative fractionation within the sample bottle was 
prevented by a 2 cm thick layer of paraffin oil, following the Global Network of 
Precipitation technical procedures (IAEA-WMO 2012). A Ministry of Environment staff 
member transferred collected water into 3mL Macarthur tubes on a regular basis, using 
a 12 mL volumetric syringe to deposit samples into labelled bottles before storage. A 
sample of lake surface water was also taken at regular intervals during the monitoring 
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period, following the same protocols. This enables direct comparison of the isotopic 
composition of meteoric water with surface waters.  
 
3.3.1.2. Laboratory methods 
3.3.1.2. a. Stable isotope analysis of water samples 
The δ18O and δ2H ratios of collected lake and rain waters were directly 
measured using a Picarro L1102-i liquid and vapour isotopic water analyser using 
wavelength-scanned cavity ringdown spectroscopy in high-precision liquid mode. Each 
sample was injected into the instrument five times and the results of the final two 
injections were used in data analysis. 
 
3.3.2. Data analysis 
3.3.2. a. Temporal variation in stable isotopes in rainfall and lake surface waters over 
the study region from the summer and winter monsoon periods 
A plot of the global meteoric water line (Craig, 1960) alongside the local 
meteoric water line and the water line for lake surface waters from collated data was 
created. This was done in order to explore whether a link exists between the rain waters 
and regional climate via the isotopic chemistry of meteoric waters and regional moisture 
sources, and between local meteoric water and lake surface waters. These data, 
therefore, provide a means of identifying any systemic offset caused by the ‘amount 
effect’ (Craig, 1961; Rozanski et al., 1993).  
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3.4. Sediment archives of palaeoclimate 
3.4.1. Data acquisition 
3.4.1.1. Field Methods  
3.4.1.1. a. Sediment core retrieval 
A modified Livingstone-type corer using PVC pipes of 35mm inner diameter was 
used to retrieve a 13 m core from Yeak Kara on 16-17 July, 2012 at 13.552080⁰N, 
107.1382933⁰E. This site was close to the centre of the lake and an approximation of the 
location of the core taken by Maxwell (1999). A coring platform, consisting of two 
inflatable boats joined by a deck made of aluminium planks, was anchored at this 
location.  
Coring was undertaken as a series of 1 m long drives, commencing with drive 1 
for 0-1 m (beginning at the sediment-water interface) and ending with drive 13 at 12-13 
m sediment depth. The sampling tube was attached to a 1 m long shaft, and a piston 
was attached on a steel shaft that ‘unlocked’ when the corer reached the desired drive 
depth. The shaft, with the piston secured in place at the base, was lowered through the 
sampling hole on deck, through the water column and driven into the sediment, and 
then retrieved back to deck.  
Upon retrieval of the corer to deck, sediment in the shaft was extruded from the 
corer sampling tube onto pre-split PVC pipes (inner diameter 60mm) lined with cling 
film. The total length of extruded material for each section and significant visual features 
were noted and core sections were photographed. Samples were then wrapped in cling 
film and the remaining half of the pipe was used to cap the samples. Cased cores were 
taped together, placed in core sheathing and labelled for transportation.  
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Drives 1-13 proceeded successfully and an attempt was made at drive 14 (13-14 
m depth below sediment-water interface), however pushing the corer shaft through the 
sediment at this point was not possible, presumably due to cumulative friction or a more 
resistant horizon at that depth. At this point it was estimated that the desired sequence 
through the mid-Holocene was likely to have been reached according to sedimentation 
rates for Yeak Kara from Maxwell (1999), and the decision was made to cease coring. 
 
3.4.2. Data analysis 
The YK0712B core was corrected for depth under the assumption that the 
contents of the core had been compressed. For each metre-section, the actual core 
length was plotted against a one-metre length model and a regression line generated to 
correlate recovered sediment amount out to one metre. 
 
3.4.2.1. Laboratory methods  
3.4.2.1. a.  Physical analysis of sediments 
Splitting and logging of cores 
Core sections were photographed before being logged for sedimentary and 
lithological structures according to visual analysis. Features logged included section 
boundaries, sediment type, colour, structure, texture, and features such as pores and 
mottling. Sediment colour descriptions were based on the Munsell Colour Guide (1994).  
After logging, the split surface was covered with cling film, labelled and wrapped 
inside core sheathing with ends taped to minimise oxidation and drying of samples 
(Simpson et al., 2005). Samples were then placed in cold storage at 2⁰C.  
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3.4.2.1. b. Magnetic susceptibility analysis 
Sediment core sections of the YK0712B core were analysed for magnetic 
susceptibility using the Barrington MS3 magnetic susceptibility meter with the MS2E 
sensor (Dearing 1994). The degree of magnetisation of materials can be an indicator for 
rates of weathering and other indirect climatic changes which bring varying amounts of 
magnetized materials into the lake basin (Nowaczyk, 2001; Thompson et al., 1980; 
Rummery et al., 1983). 
Core sections were sampled at room temperature in one-metre sections. 
Samples were measured at 3 mm depth intervals in order to generate a high-resolution 
log of magnetic susceptibility of each core. Three measurements were taken at each 
depth over a two-second measurement period. Multiple measurements from each 
depth in the core allowed an assessment of instrument precision in the context of an 
episodically ‘noisy’ magnetic environment. The mean and standard deviation of the 
three replicate values for each depth was calculated, and these values plotted over 
depth.  
 
3.4.2.1. c. Particle-size analysis 
The range and distribution of particle-sizes within a sample of sediment material 
can give insight into the amount of energy present in the lake system at the time 
(Kakanson & Jansson, 1983). Thus, observing the variation in particle-size distributions 
over samples in a sediment core can allow an indirect interpretation of climatic 
processes over time.  
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Sample preparation: 
Samples for particle-size analysis were taken every 10 corrected centimetres 
and, as a result of this depth correction, sampling resolution was higher in core sections 
which contained more sediment compared to those with less sediment.  
From each 1 cm section at 10 corrected-centimetre intervals, a representative 
sample of the core weighing approximately 0.6 g was placed into a 50 mL centrifuge 
tube, wet with deionised water and mixed with 10 mL of 10%w.v hydrogen peroxide to 
oxidise out organic materials which would otherwise be measured as mineral clasts by 
the laser diffraction technique. Samples were left for 24-48 hours at room temperature 
or until the reaction ceased. 40 mL of distilled water was added to each centrifuge tube 
and centrifuged at 3000 rpm for 3 minutes. The supernatant was decanted and the 
rinsing process repeated.  30 mL of 5% w/v sodium hexametaphosphate (trade name 
Calgon T) was then added to the oxidized sample to ensure consistent dispersion of 
mineral clasts within the sample, and particularly to break the bonds between clay 
plates that would otherwise be measured as a single larger clast. The centrifuge tubes 
were then placed on a ‘spinning wheel’ agitator for a minimum of four hours before 
particle-size analysis was conducted. 
 
Particle-size analysis of sample: 
A Malvern MasterSizer-2000 with Hydro 2000G wet dispersion bath was used to 
conduct particle-size analysis of samples. The samples were added to the dispersion 
bath which pumped the dispersed samples through the MasterSizer-2000 for laser 
particle-size analysis. Particle-size values were calculated using Mie theory based on the 
 
39 
degree of scattering of a laser beam (blue light) directed at the sample, held between 
two high-quality quartz lenses.  
 
Analysis of results 
Particle size analysis results were plotted with depth in MS Excel. Summary statistics 
were also calculated and used alongside results in analyses – skewness (the degree of 
symmetry to one side of the average), kurtosis (the degree of concentration of grains 
relative to the average), variance and standard deviation. Examination of the particle 
size summary statistics allow for interpretation of varying amounts of energy within the 
lake system over time through estimating the level of sorting of grain sizes and changes 
in trends of average grain sizes over points in time (Blott & Pye, 2001).  
 
3.4.2.1. d. Loss on ignition analysis 
Loss on ignition analysis on the sediment core was undertaken in order to gain a 
snapshot of the proportions of organic matter, inorganic carbon and siliciclastic material 
in the YK0712B core. The inorganic carbon that is used for stable isotope analysis, which 
will be described later, form part of the inorganic carbon fraction of loss on ignition 
data, and understanding these sedimentological features will allow for a deeper 
understanding of the climatic conditions impacting the lake basin over time (Hakanson & 
Jansson 1983).  
Samples for loss on ignition analysis were taken at the same depths as those 
taken for particle-size analysis. Mean sample size was 0.3 g and a total of 130 samples 
were taken. Samples were generally small, however were large enough to give a 
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snapshot of the sample organic carbon, inorganic carbon and siliciclastic material 
compositions (Dean Jr, 1974; Heiri et al., 2001). 
The wet mass of samples was measured before they were dried in an oven at 
40⁰C for 24 hours and ground using a ceramic mortar and pestle. Ceramic crucibles were 
cleaned and pre-fired in a muffle furnace at 550⁰C for 2 hours to remove moisture and 
any residual organic material from previous uses. After cooling to room temperature in a 
dessicator, the mass of each labelled empty crucible was recorded. Each ground 
sediment sample was then placed into a crucible, which were then reweighed to 
ascertain the dry mass of each sample. Samples were then placed in a muffle furnace to 
burn off organic carbon at 550⁰C for 4 hours and re-weighed after cooling to ~40⁰C. 
They were placed back into the furnace at 950⁰C for 2 hours to burn off carbonates 
before being weighed after cooling again.  
 
3.4.2.1. e. Geochemical analysis  
The ITRAX core scanner is an automated energy-dispersive x-ray fluorescence 
(XRF) instrument which takes nondestructive optical and radiographic images and scans 
elemental variation along the length of the longitudinal axis of the sediment core split 
(Croudace et al., 2006). Analysis of lacustrine cores using this instrument can provide a 
vast amount of accurate high-resolution data for a large number of environmental 
proxies (Kylander et al., 2011; Francus et al., 2009).  
This study utilized the ITRAX core scanner located in the Environmental 
Radioactivity Measurement Centre at the Australian Nuclear Science and Technology 
Organisation (ANSTO) to undertake sub-millimetre scale measurements of the inorganic 
geochemistry of the YK0712B core. Major elemental characteristics and molecular 
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composition was analysed for a number of elements, with all possible elements scanned 
for while the core was being analysed, should this data be required for future studies. Of 
key interest were counts of Ca, Sr and Rb as climate proxies, but counts of Al, Si, P, S, Cl, 
Ar, K, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Zr, Pd, Sn, Y, Zr, Pd, Sn, Ba, La, Ce, Ta and W 
were also recorded. Calcium counts through the core as it can be allogenically (through 
erosion) and authigenically (produced within the lake system) produced as a result of 
changes in erosion(within the catchment) and lake water biogeochemistry (within the 
lake) that occur as a result of changes in climate over time (Kylander et al., 2011; Cohen, 
2003). Strontium ions are of interest as a proxy for changes in lake level and productivity 
associated with changes in climate (Cohen, 2003; Kylander et al., 2011). Rubidium has 
low mobility in the environment because it is a component in many common minerals 
and adsorbs to clays well, and is used as a proxy for moist climatic conditions with 
relation to erosion and rates of weathering (Kylander et al, 2011; Dypvik & Harris, 2001). 
This data was analysed using ReDiCore and plotted in MS Excel. The results of these 
scans revealed high-resolution trends for a range of proxies that reveal trends in 
hydrological and climate for this lake.  
 
3.4.2.1. f. Characterisation of carbonate species using electron microscopy 
Physical analysis and ITRAX geochemical analysis of the core indicate the 
presence of carbonate in the sediment, supporting prior work by Maxwell (1999). In 
order to understand whether this carbonate had formed in surface waters, in which case 
they would display euhedral shape, or sediment pore waters, in which case they would 
display anhedral shape, it was necessary to observe the morphology of the crystals (Leng 
& Marshall, 2004; Lamb et al., 2005). This distinction is an important one to make if 
these crystals are to be used as palaeoclimatic proxies.  
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Sample preparation 
Four samples were extracted from both laminated (12.26-12.28 m, 12.28-12.30 
m) and non-laminated sections (10.20-10.24 m, 12.32-12.34 m) of the core.  These were 
placed into 50 mL centrifuge tubes to which 25 mL of 8% w/v sodium hypochlorite 
solution (adjusted to pH of 9.0-9.5 following Ito, 2001) in order to remove organic 
components. The samples were left for 24-48 hours or until reactions had ceased in the 
tubes before being sieved at 125 μm with the <125 μm fraction retained for analysis. 
The samples were then triple-rinsed with ultra-pure water and centrifuged at (3000 rpm 
for 3 minutes each rinse). After rinsing, the solutions were dried in an oven prior to 
mounting. 
 
Sample analysis 
A scanning electron microscope (SEM) with energy dispersive spectroscopy 
(EDS) and electron backscatter diffraction (EBSD) capabilities was used to characterize 
the species of calcium carbonate present in the YK0712B core through visual 
observation of the crystal shape and chemical composition analysis using electron 
dispersive spectroscopy (EDS) and electron backscatter diffraction (EBSD). Visual 
observation was also used to determine the nature of their growth form - euhedral 
crystals indicate planktonic detrital formation in surface waters of the lake, which are of 
value for palaeo-climate reconstruction, while anhedral crystals, which can form as 
carbonate ‘cements’ in interstitial pore spaces in sediment profiles are not in 
equilibrium with surface waters and not, therefore, of value for palaeoclimate 
reconstruction (Allison & Pye, 1994).   
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A Zeiss EVO SEM was used to examine clean carbonate samples using energy 
dispersive spectroscopy (EDS) for geochemistry. A Zeiss Ultra Plus SEM was used for 
both EDS and electron backscatter diffraction (EBSD) to characterise chemical 
composition of the carbonate crystals observed in SEM micrographs in order to identify 
the specific species of carbonate present in the sample and estimate their relative 
abundance. EBSD was utilised to generate phase maps quantifying the distribution of 
carbonate species.  
For the Zeiss EVO, an EHT of 20.00kV and beam current of 5nA was used. SEM 
stubs were prepared using carbon tape, upon which a very small amount of sample was 
scattered and patted down gently before being coated with 20nm of carbon. SEM stubs 
for Zeiss Ultra Plus analysis were prepared in the same manner, but a carbon coating of 
10nm was used. In this case, an EHT of 20.00kV and beam current of 5nA were used. 
 
3.4.2.1. g. Stable isotope analysis of carbonates in sediments 
ITRAX XRF scanning of the YK0712B core showed elevated levels of calcium in 
the 4-13m section of the core (discussed further in Chapters 4 & 5). In order to explore 
the variability in this data through δ18O analysis, a range of samples of various 
resolutions (1 cm, 4 cm and 10 cm) were extracted from the core for analysis. Two 
hundred and seventy four samples of sediment were extracted, freeze-dried and pre-
treated following the protocol described in Section 3.4.2.1. f. above (as per Ito, 2001). A 
preliminary chronological model derived from Maxwell (2001), who worked on a core 
from Yeak Kara taken at a similar location to Yeak Kara, was used as independent dates 
had not yet been received for the current core. The core was divided into sections of 
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varying resolutions in an attempt to capture, in high-resolution, the 4.1 ka event, 5.9 ka 
event and 8.2ka event as recorded 
2 mg of each sample were placed into 1 mL Weaton V-vials, sealed with a Kel-F 
and silicone septa for analysis. A Micromass PRISM III stable isotope mass spectrometer 
was used to analyse stable isotope ratios in samples using the Micromass Multiprep 
device (using internal standards NBS18 and NBS19 for calibration). Vials were placed in a 
heated block at 90°C and a double-bore needle used to push through the septa to 
evacuate the vial and inject 103% phosphoric acid onto the sample. Evolved CO2 was 
then passed through a water trap to remove moisture and cryogenically collected in an 
external cold finger.  The sample gas was then released into the sample side of the dual 
inlet and analysed against the working gas (on the other side of the dual inlet). Detected 
isotopic ratios were compared to a measured standard in order to determine the 
isotopic makeup of the original sample. For this research, the V-SMOW (Vienna Standard 
Mean Ocean Water) was used. 
 
3.4.2.1. h. 14C dating of charcoal in sediments 
A series of depths were selected from the Yeak Kara YK0712B core based on 
periods of distinct transitions in the δ18O stable isotope data. Bulk sediment samples 
from the chosen depths were extracted and sent to Beta Analytic for analysis of 
sediment for AMS charcoal dating. These samples were sent as wet samples in small 
labelled zip-lock bags, which underwent pre-treatment by Beat Analytic prior to analysis 
to ensure organic and carbonate residues are removed. This ensures that the AMS 
dating is conducted only on charcoal pieces, making it unlikely that there will be an age 
bias because of organic or carbonate contamination. This pre-treatment involved 
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washing the sample in hot hydrochloric acid to remove carbonates, followed by washing 
with sodium hydroxide to remove residual organic acids, and a final acid wash to 
neutralise alkali prior to drying.  
Results were calibrated using intcal04 in Calib 7.0 to express radiocarbon dates 
as calibrated years B.P. (Stuiver et al., 1986; Stuiver et al., 1993).  
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CHAPTER 4:  Results  
The results of the analyses of water and sediment samples following the 
methods described in Chapter 3 will now be described.  
4.1. Bathymetry and basin morphology of crater lakes 
A number of crater lakes exist in mainland Southeast Asia, including north-
eastern Cambodia, central Vietnam and Southern Laos. The north-east Cambodian 
crater lakes will be used in this study to explore stable isotope dynamics of rainfall in the 
region. These lakes exhibit parabolic-shaped basins that have steep sides and flat, 
slightly sloping bottoms, fitting the profile for maar-type volcanic lakes described by 
Hutchinson (1957). Some of these lakes, such as Yeak Loam, are distinctively round in 
shape (Figure 4.1) while some are more irregular, such as Boeng Lumkut which has a 
basaltic outcrop on the eastern side of the lake basin that may have resulted from more 
than one phreatic eruption (Figure 4.4). Yeak Oam and Yeak Kara may also have resulted 
from multiple phreatic explosions, sharing a common larger crater rim. The two lakes 
are now separated by a low basalt sill (Figures 4.2 and 4.3). Yeak Loam, Yeak Oam and 
Boeng Lumkut display very steep sides and flat to slightly sloping bottoms (Figures 4.1-
4.4). Yeak Kara is the most terrestrialised of these lakes; it is shallow and biologically 
productive, with a distinctly lenticular cross-sectional form (Figure 4.3).  
Satellite imagery and bathymetry models for Yeak Loam, Yeak Oam, Yeak Kara 
and Boeng Lumkut are shown below (Figures 4.1-4.4). Track logs for sonar/GPS are 
depicted on bathymetry maps as a series of small black dots to indicate the source data 
for the interpolation of bathymetry, so as to give an indication of the density of source 
data points used to generate bathymetry maps.  
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Figure 4.1: Bathymetric basin map and satellite image of Yeak Loam  
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Figure 4.2: Bathymetric basin map and satellite image of Yeak Oam  
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Figure 4.3: Bathymetric basin map and satellite image of Yeak Kara 
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Figure 4.4: Bathymetric basin map and satellite image of Boeng Lumkut 
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Table 4.1: Lake depth values generated from sonar data (NB: surface area estimate 
underestimates true surface area, and true volumes are likely to be slightly higher). 
Lake Plane 
height (m) 
Surface 
area (m2) 
Surface 
area (km2) 
Volume 
(m3) 
Volume 
(ML) 
SA:V 
YL 50.62 148464.1 0.148464 2749282 2.749282 0.054 
BLK 67.99 75315.63 0.075316 2265791 2.265791 0.033 
YO 45.07 22244.51 0.022245 386655 0.386655 0.057 
YK 2.04 9397.835 0.009398 8680.687 0.008681 1.082 
 
The surface-area-to-volume ratio for these lakes has implications for the degree 
to which evaporative fractionation impacts the stable isotope ratios of surface waters, 
as well as giving insights into physical, chemical and biological dynamics that may be 
occurring. Yeak Loam and Yeak Oam have similar morphology, with similar basin shape 
and basin depth, have a surface-area-to-volume ratio of ~0.05 (Table 4.1). Boeng 
Lumkut has a lower surface-area-to-volume ratio of ~0.03, which is not surprising given 
its maximum depth of almost 70 m. Yeak Kara has the highest surface area to volume 
ratio, at 1.08. This is not surprising, given that Yeak Kara is very shallow with a maximum 
depth of 3 m in the wet season, which halves during the dry season to 1.5 m. From these 
data, we can see that Yeak Kara is significantly more sensitive to 
evaporation/precipitation than the other lakes, making it a better study site for the 
analysis of hydrological changes associated with the wet summer and dry winter 
monsoons.  
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4.2. Stable isotope dynamics of lake waters, rain waters and 
regional climate 
In order to understand how representative the isotopic characteristics of 
meteoric water is of its vapour source, and how representative lake surface waters are 
of meteoric waters, the stable isotope ratios of precipitation and the surface waters of 
the Yeak Loam lake were monitored over a one-year period. Yeak Loam was chosen due 
to its geographic proximity to the town of Ban Lung, allowing sampling to occur 
frequently.  
Correlation of stable isotope ratios of oxygen and hydrogen reveal that stable 
isotopes of rainwaters received at Yeak Loam align closely with  the global meteoric 
water line (GMWL) (Figure 4.5).  
 
Figure 4.5: Regional meteoric water line, lake surface water line and global meteoric 
water line 
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This is a very significant finding, because the similarity of the gradient of the 
local meteoric waterline (blue) with the global meteoric water line (green) indicates that 
the stable isotope ratios of meteoric waters are closely representative of regional 
climate. It is also clear that evaporative fractionation has a substantial factor in 
determining the stable isotope ratios of lake surface water, with the water line for lake 
waters offset from the LMWL and GMWL but of a similar gradient (Craig, 1951; Gat, 
2005; Leng & Marshall, 2004; Jouzel et al., 2013). These results have significant 
implications - that meteoric (rainfall) waters can be used as a proxy for the isotopic 
content of regional climate, and that lake surface waters capture evaporation-
precipitation dynamics.  
The beginning of the sampling period (15 July 2012) falls in the middle of the 
wet summer monsoon season. Precipitation from the southwest summer monsoon 
increases over July and August (Figure 4.6). Rainfall ceases abruptly in early October 
with a few rainfall events thereafter with low precipitation amount continuing into early 
November. After this, there are no recorded rainfall events while the dry northwest 
winter monsoon dominates until the wet summer monsoon resumes in early April the 
following year. Isotope ratios for oxygen and hydrogen in both meteoric waters and lake 
surface waters respond to rainfall by becoming more negative as the wet season 
progresses, more positive over the dry season, and more negative again with the advent 
and progression of the subsequent wet season (Figure 4.7). 
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Figure 4.6: Relationship between rainfall amount (Ban Lung rain gauge), δ18O in rain 
waters and δ18O in lake surface waters (Yeak Loam)  
-18.00
-16.00
-14.00
-12.00
-10.00
-8.00
-6.00
-4.00
-2.00
0.00
0
20
40
60
80
100
120
δ
18
O
 (
‰
) 
ra
in
fa
ll 
(m
m
) 
mm rainfall δ18O (rainwater) ‰ δ18O (lake surface water) ‰ Severe tropical storm Gaemi 
Dry: Winter (NE) monsoon Wet  Summer (SW) monsoon 
Wet : Summer (SW) 
monsoon 
a) 
-140.00
-120.00
-100.00
-80.00
-60.00
-40.00
-20.00
0.00
20.00
0
20
40
60
80
100
120
δ
2 H
 (
‰
) 
ra
in
fa
ll 
(m
m
) 
mm rainfall δ2H (rainwater) ‰ δ2H (lake surface water) ‰ 
Winter (NE) monsoon Summer (SW) monsoon 
Severe tropical storm Gaemi 
Summer  
(SW) monsoon 
b)  
 
55 
  
 
  
Figure 4.7: Relationship between δ18O of rainwater and lake surface waters and peak 
rainfall intensity  
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4.3. Limnology of the Cambodian Crater Lakes 
 Basin shape and morphology strongly influence the physical, biological and 
chemical processes that occur within a lake basin (Wetzel, 1957). An understanding of 
the limnological characteristics of a lake is instrumental in being able to conceptualise 
the biochemistry of and the relationship between lake waters and meteoric waters. 
 
4.3.1. Temperature and stratification 
Temperature is an important feature of lake waters, effecting water density and 
hence stratification dynamics (Imboden & Wüest, 1995). Yeak Kara is a shallow, 
polymictic lake, quite unlike Yeak Loam, Yeak Oam and Boeng Lumkut, all of which are 
deep meromictic lakes with temperature/density profiles typical of stratified lakes 
(Figure 4.8). Stratification in these stratified lakes was maintained throughout the 
monitoring period with the exception of a slight breakdown in February 2012, suggestive 
of a mixing event (Williams, 2013). From these data, it is clear that the majority of these 
water bodies retain a reasonably constant temperature profile over time once thermal 
stratification is established.  
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 Figure 4.8: Temperature variation with depth over time in Cambodian crater lakes. 
Depths are in metres and temperature in °C. 
 
 
4.3.2. Specific conductivity 
An understanding of the dynamics associated with specific conductivity in lake 
waters assists in understanding the biochemical and biological aspects of a lake system 
(Lewis Jr, 2010). Yeak Loam and Yeak Oam show comparable levels of specific 
conductivity over the sampling periods, although Yeak Loam has slightly higher levels of 
materials in solution (Figure 4.9). The hypolimnions of both of these lakes show higher 
conductivity as compared to the epilimnions, a trend which also occurs in Boeng Lumkut 
but is overshadowed in graphical representation by the high specific conductivity of the 
epilimnion and metalimnion in December 2011. Yeak Loam and Yeak Oam show a 
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significant increase in conductivity in July 2012 throughout the entire water depth, while 
Boeng Lumkut shows a significant drop in conductivity through the entire water column 
at this time. Yeak Kara shows similar high levels of specific conductivity in November 
2011 and February 2012, compared to July 2012 and April 2013 when values are lower.  
 
 
  
Figure 4.9: Specific Conductivity with depth over time in the Cambodian crater lakes. 
Depths are in metres and specific conductivity levels are in uS/cm. 
 
4.3.3. Dissolved oxygen saturation 
 Dissolved oxygen is an important feature of lake waters, determining to a large 
degree of biological activity and redox processes (Harnung & Johnson, 2012; 
UNEP/WHO, 1996; Jantzen, 1978). Dissolved oxygen levels with depth in these lakes 
show similar trends to those of temperature. Across all deep stratified lakes and 
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regardless of the time period, there is a distinct pattern of having high dissolved oxygen 
levels in the epilimnion and anoxia in the hypolimnion (Figure 4.10). Yeak Kara shows a 
decrease in dissolved oxygen levels in July 2012, coinciding with the start of the wet 
season, but high values through the water column at all other times when sampling 
occurred.  
  
  
Figure 4.10: Optical Dissolved Oxygen (ODO) variation with depth over time in the 
Cambodian crater lakes. Depths are in metres and dissolved oxygen (ODO saturation) 
levels are displayed as percentages.  
 
 
4.3.4. pH 
It is important, when looking at a lake system, to consider pH dynamics as these 
are closely linked to chemical and biological activity (Stumm & Schnoor, 1995). There is 
small variation in pH with depth over time in these lakes. In Yeak Loam, pH levels remain 
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stable and tend towards 8, which is similar to pH levels in Boeng Lumkut (Figure 4.11). 
There are, however, some instances where there is greater acidity with depth in Boeng 
Lumkut, as observed in July 2012. Yeak Oam shows an anomalously alkaline reading for 
surface waters in February 2012, although other than this the lake waters tend to be 
neutral or slightly alkaline.  
 
  
  
Figure 4.11: pH variation with depth over time in the Cambodian crater lakes. Depths are 
given in metres.  
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4.4. Stable isotope dynamics in lake waters with depth over time  
The isotopic characteristics of the surface waters of these lakes vary over time, 
but with a clear seasonal trend. There are similarities between the isotopic 
characteristics of surface water samples across all lakes taken during the summer 
monsoon period (wet season, July 2012 and April 2013) and samples taken in the winter 
monsoon period (dry season, November 2011, February and November 2012), shown in 
Figures 4.12-4.17. Yeak Oam and Boeng Lumkut show strong stratification, with uniform 
distribution of stable isotope values through the hypolimnion and little variation in δ18O 
or δ2H over time, despite clear variation in the epilimnion. These lakes also experience 
less variation in stable isotope ratios in their epilimnions compared to Yeak Loam. The 
largest change between wet and dry seasons in lake surface waters are roughly the 
same across all stratified lakes, at 1.32‰ (Yeak Loam), 1.17‰ (Boeng Lumkut) and 
1.09‰ (Yeak Oam). Yeak Kara stands out with a difference of 5.52‰ between the most 
positive and most negative values. Yeak Kara has the largest surface area to volume 
ratio of the studied lakes (Table 4.1) and Boeng Lumkut the least, hence it can be seen 
that a relationship exists between evaporation and relative surface area with regard to 
controlling the stable isotope ratios of the epilimnions of these tropical crater lakes.  
Stratification keeps the isotopic values distinct, with a clear and persistent 
differentiation between the isotopic characteristics of the epilimnion and hypolimnion 
across all stratified lakes over the sampling period (Figures 4.12-4.19). The seasonal 
isotopic changes in meteoric water are clear in the epilimnion during the sampling 
period, but are muted in the hypolimnion.  
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Yeak Loam (refer to Figures 4.12 and 4.13) 
At the start of the summer monsoon rainfall period, the δ18O ratio of the surface 
waters of Yeak Loam increase in value by more than 0.5‰, and δ2H values by 4‰. These 
values continue to increase as monsoonal rainfall continues, with the surface waters 
becoming enriched with 18O and 2H, causing δ18O values to continue to increase. During 
the dry season as the cool, moisture-barren winds of the northwest monsoon 
predominate, isotope ratios in lake surface waters decrease to an average of about -
2.4‰ δ18O and -24 to -25‰ δ2H (as observed in both 2011 and 2012). On average, the 
deeper waters of Yeak Loam tend to be characterised by slightly lower δ18O and δ2H 
values during drier periods (winter monsoon) than in wetter periods (summer 
monsoon). Water samples taken during the winter monsoon period show sharp increase 
in δ18O and δ2H over the thermocline depth, and a slow trend of increasing δ18O with 
depth in the hypolimnion. In contrast, water samples taken during the summer 
monsoon period show slower rates of δ18O and δ2H decrease over the thermocline but a 
slightly more rapid increase of δ18O and δ2H with depth in the hypolimnion due to 
thermal stratification. 
 
Yeak Oam (refer to Figures 4.14 and 4.15) 
The δ18O and δ2H trends in Yeak Oam follow a similar trend to those that occur 
in Yeak Loam. The δ18O and δ2H of Yeak Oam are generally more positive than those of 
Yeak Loam by ~1‰ δ18O and 5‰ δ2H. There are more pronounced differences in δ18O 
and δ2H variations between 2012 and 2013 samples in both the summer and winter 
monsoon periods for Yeak Oam; however, there are still clear patterns of increasing δ18O 
and δ2H from the epilimnion to hypolimnion in the winter monsoon period. In the 
summer monsoon period there tends to be decreasing δ18O and δ2H with depth in the 
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epilimnion, a rapid decrease in δ18O and δ2H over the thermocline, followed by a small 
increase with depth of δ18O and δ2H in the hypolimnion. 
 
Boeng Lumkut (refer to Figures 4.16 and 4.17) 
It is clear that in Boeng Lumkut too, stratification controls variation in isotopic 
composition through the water column over time. This lake, being deeper than the 
others, shows much stronger stratification, with isotopic composition of the 
hypolimnion fairly similar across all sampling periods regardless of the dominance of 
summer or winter monsoon. 
 
Yeak Kara (refer to Figures 4.18 and 4.19) 
Yeak Kara is presently a relatively saline (see Section 4.4), shallow and 
unstratified lake, with a maximum observed water depth of ~5m during the wet season 
of 2012. Because of this lack of stratification, there are no significant changes in stable 
istopes with depth (hence depth is not shown using multiple plots), but the lake waters 
clearly refleect seasonal changes in isotope dynamics (Figure 4.18 – 4.19). There is a 
marked decrease in stable isotope ratios of oxygen and hydrogen in response to the wet 
southwesterly summer monsoon and a notable increase in response to the ceasation of 
this rainfall and the onset of drier conditions associated with the northeastern winter 
monsoon. 
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            Isotopic variation at depths with time  
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: δ18O Isotopic composition of Yeak Loam waters with depth over time 
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             Isotopic variation at depths with time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13: δ2H isotopic composition of Yeak Loam waters with depth over time 
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          Isotopic variation at depths with time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14: δ18O isotopic composition of Yeak Oam waters with depth over time 
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         Isotopic variation at depths with 
time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15: δ2H isotopic composition of Yeak Oam waters with depth over time  
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        Isotopic variation at depths with time 
 
 
 
 
Figure 4.16: δ18O  isotopic composition of Boeng Lumkut waters with depth over time   
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       Isotopic variation at depths with time 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17:  δ2H isotopic composition of Boeng Lumkut waters with depth over time  
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Figure 4.18: δ18O composition of Yeak Kara waters over time 
Figure 4.19: δ2H composition of Yeak Kara waters over time 
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stable concentrations throughout the water column over time. In Yeak Kara, there are 
comparatively higher concentrations throughout the year, but with relatively low values 
in November 2011 that increase progressively over subsequent sampling periods.  
Sodium concentrations throughout the water columns of the three deep, 
stratified lakes (Boeng Lumkut, Yeak Loam and Yeak Oam) are fairly consistent and with 
low standard deviation over time (Figure 20). Where a higher sodium concentration is 
shown at 15 m depth in February 2012 for Boeng Lumkut, error bars suggest that it is 
actually in line with other recorded values with depth in that lake. There are, however, 
different concentrations of sodium present across lakes. Generally, Yeak Loam shows 
the lowest sodium concentrations, ranging between 0.77-1.11 g/mL, but these are only 
slightly less than sodium concentrations in Boeng Lumkut, which range between 0.69-
2.23 g/mL. Yeak Oam shows the lowest concentrations of sodium, ranging from 0.773-
1.118 g/mL. Yeak Kara has higher sodium concentrations in general and shows an 
increasing trend with subsequent sampling periods (8.9 g/ml in July 2012; 12.7 g/ml at 
November 2012, and 19.1 g/ml at April 2013). 
Concentrations of magnesium in these lakes display a similar trend to those of 
calcium ions with depth over time, and across all sampling periods, for Boeng Lumkut, 
Yeak Loam and Yeak Oam, magnesium ion concentrations remain fairly consistent with 
depth over time (Figure 21). In Boeng Lumkut, magnesium concentrations remain 
reasonably consistent at ~3 g/mL for all sampling periods. It is notable that the two 
lower values (55 m in November 2011 and 15 m in July 2012) have significantly larger 
standard deviations than other samples. Yeak Loam shows a similar trend of consistency 
in magnesium concentrations through the water column (~3 g/mL for all sampling 
periods), but samples show a slight decrease in epilimnion waters in the July 2012 and 
November (~0.3 g/mL lower than hypolimnion waters). Yeak Oam too shows fairly 
consistent magnesium concentrations with depth across time, with values ranging from 
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~2.4–2.6 g/mL, which are lower than Boeng Lumkut and Yeak Oam. Yeak Kara displays 
different trends in magnesium concentrations over time, with magnesium 
concentrations lower in July 2012 (13.96 g/mL) compared to November 2012 
(19.5 g/mL). In April 2013, there is an increase to 27.7 g/mL. Across all lakes and 
sampling periods, standard error is low for magnesium concentrations.  
In stratified lakes, potassium concentrations are generally stable with depth 
over time (Figure 22). In Boeng Lumkut, potassium concentrations are fairly consistent 
for all sampling periods, ranging between 1.45-2.59 g/mL. There are occasional elevated 
concentrations in the hypolimnion, though these show high standard deviations 
suggesting that true concentrations may not be as elevated as these values suggest. 
Yeak Loam displays relatively stable concentrations through the water column over 
time, however these range from 1.26-2.35 g/mL and are generally lower than Boeng 
Lumkut. Potassium concentrations in Yeak Oam for all sampling periods are also quite 
consistent through the water column, and are slightly higher than concentrations found 
in Boeng Lumkut and Yeak Loam (within the range of 1.9-3.36 g/mL). Samples in 
November 2012 show larger variability than those for other sampling periods, but are 
accompanied by larger errors which suggest that a stable trend with depth is possible. 
Yeak Kara shows very low concentrations of potassium in November 2011 (0.11 g/mL) 
and February 2012 (0.033 g/mL), but much higher concentrations in subsequent 
sampling periods (5.71-12.55 g/mL).  
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Figure 4.20: Sodium ion content in lake waters over time (note that the axis for Yeak 
Kara is expanded by a factor of 10 because of significantly higher iron content). Charts 
on the right show difference from average values for that lake. 
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Figure 4.21: Magnesium ion content in lake waters over time (note that the axis for Yeak 
Kara is expanded by a factor of 10 because of significantly higher iron content). Charts 
on the right show difference from average values for that lake. 
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Figure 4.22: Potassium ion content in lake waters over time (note that the axis for Yeak 
Kara is expanded by a factor of 5 because of significantly higher iron content). Charts on 
the right show difference from average values for that lake. 
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4.5.2. Calcium, barium and aluminium 
There are similarities in concentrations of calcium and barium in the deep 
stratified lakes, as well as in shallow Yeak Kara. In stratified lakes, concentrations of 
these ions are higher in the hypolimnion compared to the epilimnion, however 
concentrations of aluminium are very low and have high standard deviations, making it 
difficult to discern whether this trend occurs as well. In shallow Yeak Kara, calcium, 
barium and aluminium show significantly higher concentrations in November 2011 and 
February 2012, with comparatively low values in subsequent sampling periods.  
Boeng Lumkut, Yeak Loam and Yeak Oam display fairly steady levels of calcium 
concentration with a slight increasing trend with depth during all sampling periods 
(Figure 23). Concentrations of calcium are quite comparable, between ~5-6.3 g/mL in 
Yeak Loam and from ~5-6.3 g/mL in Yeak Oam and slightly lower in Boeng Lumkut, 
ranging from ~4-5.2 g/mL. Yeak Kara displays much higher overall values. The November 
2011 sampling period, at the end of wet monsoonal season, displays a lower calcium 
concentration (20.21 g/ml) than at the end of the dry winter monsoon period in 
December 2012 (26.27 g/ml). Concentrations of calcium are lower in July 2012 
(17.4 g/ml), increasing in November 2012 (28.9 g/ml) and further increasing during April 
2013 (34.1 g/ml).   
In all of the deep stratified lakes, barium concentrations increase in the 
hypolimnion although are present and stable in the epilimnion (Figure 24). There are 
higher concentrations of barium ions in Yeak Oam (within the range of 0.11-0.19 g/mL), 
with slightly lower concentrations of barium in Yeak Loam (within the range of 0.04-
0.08 mg/L) and Boeng Lumkut (within the range of 0.02-0.05 mg/L). Yeak Kara shows 
comparatively very high barium concentrations in November 2011 (8.83 mg/L) and 
February (9.29 mg/L) and low barium concentrations in the other sampling periods 
(0.091-0.131 mg/L). Standard deviations are low overall.  
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In general, measured concentrations of aluminium ions do not show particularly 
strong trends with depth or time and show large errors in all lakes, in part because 
concentrations are very low (Figure 25). In Boeng Lumkut, there is little observed 
consistency in aluminium concentrations across the sampling periods, and several 
instances of very large standard deviations. There are much higher concentrations in 
February 2012, especially at 0 m depth (0.03 g/mL) and at 56 m depth (0.41 g/mL). 
There are much lower values in July 2012, but the lowest values are observed in 
November 2012 (0.002 -0.008 g/mL). In April 2013, values for 5 m depth (0.12 g/mL) and 
35m (0.01 g/mL) are higher than but not as high as for 0 m and 5 m depths in February 
2012. In Yeak Loam, concentrations of aluminium are quite low through the water 
column in February 2012. Concentrations could potentially have remained similar to 
February 2012 levels with depth over time through the other sampling periods in this 
lake, given that standard deviations for elevated values are extremely high. In Yeak Oam, 
aluminium ion concentrations are generally low in February 2012 (0.003 g/mL), with an 
anomalously high value for 30 m depth that has a large standard deviation and is likely 
to actually be in line with the other concentrations observed through the water column. 
In July 2012, concentrations of aluminium are two or more times as high as those in 
February 2012, especially in metalimnion waters. November 2012 and April 2012 both 
show very low concentrations of aluminium. In Yeak Kara, aluminium concentrations are 
highest in November 2011 and February 2012, peaking at 32.8 g/mL, but are very low in 
subsequent sampling periods (lowest concentration 0.003 g/mL).  
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Figure 4.23: Calcium ion content in lake waters over time (note that the axis for Yeak 
Kara is expanded by a factor of 5 because of significantly higher iron content). Charts on 
the right show difference from average values for that lake. 
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Figure 4.24: Barium ion content in lake waters over time (note that the axis for Yeak Kara 
is expanded by a factor of 250 because of significantly higher iron content). Charts on the 
right show difference from average values for that lake. 
0
0.04
0.08
0.12
0.16
0.2
B
a 
(g
/m
L)
 
Boeng Lumkut  
0 5 15 25 35 45 55 65Depth (m) 
-0.02
-0.01
0
0.01
0.02
0.03
D
if
fe
re
n
ce
 (
g/
m
L)
 
0 5 15 25 35 45 55 65Depth (m) 
0
0.04
0.08
0.12
0.16
0.2
B
a 
(g
/m
L)
 
 Yeak Loam   
0 10 20 30 40Depth (m) 
-0.02
-0.01
0
0.01
0.02
0.03
D
if
fe
re
n
ce
 (
g/
m
L)
 
0 10 20 30 40Depth (m) 
0
0.04
0.08
0.12
0.16
0.2
B
a 
(g
/m
L)
 
 Yeak Oam 
0 10 20 30 40Depth (m) 
-0.02
-0.01
0
0.01
0.02
0.03
D
if
fe
re
n
ce
 (
g/
m
L)
 
0 10 20 30 40Depth (m) 
0
10
20
30
40
50
B
a 
(g
/m
L)
 
 Yeak Kara   
0Depth (m) 
-6
-3.5
-1
1.5
4
D
if
fe
re
n
ce
 (
g/
m
L)
 
0Depth (m) 
 
80 
  
  
  
  
 
Figure 4.25: Aluminium ion content in lake waters over time (note that the Axis for Yeak 
Kara is expanded by a factor of 1000 because of significantly higher iron content). Charts 
on the right show difference from average values for that lake. 
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4.5.3. Silica and strontium 
There are similarities in concentrations of silica and strontium in the deep 
stratified lakes, as well as in shallow Yeak Kara. These ions increase in concentration 
with depth in stratified lakes, and in shallow Yeak Kara are lowest in February 2012, 
higher in November 2011 and 2012, and highest in April 2013.  
In the stratified deep tropical lakes, concentrations of silica increase slightly with 
depth across all sampling periods (Figure 26). Silica concentrations are highest in Yeak 
Loam (7.12-10.02 g/mL) and Boeng Lumkut (5.26-6.68 g/mL), but lower in Yeak Oam 
(2.25-4.47 g/mL). In Yeak Oam, there is a steeper rate of increase in the concentration of 
silica with depth compared to Boeng Lumkut. Yeak Kara shows lowest concentrations of 
silica in July 2012 (10.09 g/mL), higher concentrations in November 2012 (33.85 g/mL) 
which are comparable to concentrations in November 2011 (37.11 g/mL), and highest 
concentrations in April 2013 (47.26 g/mL). Standard deviations in measurement of silica 
concentration are very low across all depths and sampling periods for all lakes. 
Strontium concentrations in deep stratified lakes are very stable with depth and 
time, with a consistent trend of slightly increased levels in hypolimnion waters 
(Figure 27). Concentrations in Boeng Lumkut are the lowest in these lakes, and range 
from 0041-0.54 g/mL. In Yeak Loam, strontium concentrations are slightly higher, 
ranging between 0.06-0.08 g/mL over depth and time, and Yeak Oam has the highest 
strontium concentrations of these lakes, ranging between 0.16-1.89 g/mL over depth 
and time. Yeak Kara shows different trends in strontium concentration, with a low of 
0.077 g/mL in July 2012, a slightly higher concentration of 0.248 g/mL in November 2012 
which is comparable to the November 2011 strontium concentration of 0.302 g/mL, and 
a higher concentration of 0.377 g/mL in April 2013. This trend is similar to 
concentrations of silica in Yeak Kara over time. Errors across all values with depth and 
time in these lakes are quite low.  
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Figure 4.26: Silica ion content in lake waters over time (note that the axis for Yeak Kara is 
expanded by a factor of 6 because of significantly higher iron content). Charts on the 
right show difference from average values for that lake. 
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Figure 4.27: Strontium ion content in lake waters over time. Charts on the right show 
difference from average values for that lake. 
 
 
 
0
0.1
0.2
0.3
0.4
0.5
Sr
 (
g/
m
L)
 
Boeng Lumkut  
0 5 15 25 35 45 55 65Depth (m) 
-0.01
-0.006
-0.002
0.002
0.006
0.01
D
if
fe
re
n
ce
 (
g/
m
L)
 
0 5 15 25 35 45 55 65Depth (m) 
0
0.1
0.2
0.3
0.4
0.5
 S
r 
 (
g/
m
L)
 
 Yeak Loam  
0 10 20 30 40Depth (m) 
-0.01
-0.006
-0.002
0.002
0.006
0.01
D
if
fe
re
n
ce
 (
g/
m
L)
 
0 10 20 30 40Depth (m) 
0
0.1
0.2
0.3
0.4
0.5
 S
r 
 (
g/
m
L)
 
 Yeak Oam  
0 10 20 30 40Depth (m) 
-0.01
-0.006
-0.002
0.002
0.006
0.01
D
if
fe
re
n
ce
 (
g/
m
L)
 
0 10 20 30 40Depth (m) 
0
0.1
0.2
0.3
0.4
0.5
Sr
 (
g/
m
L)
 
 Yeak Kara   
0Depth (m) 
-0.1
-0.06
-0.02
0.02
0.06
0.1
D
if
fe
re
n
ce
 (
g/
m
L)
 
0Depth (m) 
 
84 
4.5.4. Iron and sulfur 
In general in deep stratified lakes, iron concentrations are very low in the 
epilimnion and increase rapidly after 30 m depth to much higher levels (Figure 28). The 
lowest concentrations of iron are observed in Boeng Lumkut, ranging from 0.001-
2.88 mg/L, where there is the least rapid rate of increase in concentrations of iron 
between the epilimnion and the hypolimnion. Yeak Loam shows slightly higher amounts 
of iron, ranging from 0.001-5.83 g/mL, and Yeak Oam has the highest iron levels of the 
stratified lakes, ranging from 0.002-8.01 g/mL, as well as the most rapid rate of increase 
in concentrations of iron between the epilimnion and the hypolimnion. In Yeak Kara, 
there are high concentrations of iron in November 2012 (14.43 g/mL) and February 2012 
(18.01 g/mL), however low iron concentrations in subsequent sampling periods (0.054-
0.15 g/mL). Standard deviation values for iron concentrations in all depths and sampling 
periods over all lakes are relatively low.  
Trends in concentrations of sulfur in stratified lakes are difficult to infer as all 
values have very large standard deviations (Figure 29). Samples are, in general, quite low 
in these lakes. In Yeak Kara, sulfur shows highest concentrations in February 2012, 
slightly lower concentrations in April 2013, and lower concentrations in July and 
November 2012. All of these samples have high errors, making it difficult to discern the 
trend over time in this lake for sulfur as well. 
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Figure 4.28: Iron ion content in lake waters over time (note that the axis for Yeak Kara is 
expanded by a factor of 5 because of significantly higher iron content). Charts on the 
right show difference from average values for that lake.
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Figure 4.29: Sulfur ion content in lake waters over time. Charts on the right show 
difference from average values for that lake. 
 
 
  
-0.1
-0.05
0
0.05
0.1
0.15
S 
(g
/m
L)
 
  
Boeng Lumkut  
0 5 15 25 35 45 55 65Depth (m)  
-2.5
-1.8
-1.1
-0.4
0.3
1
D
if
fe
re
n
ce
 (
g/
m
L)
 
0 5 15 25 35 45 55 65Depth (m) 
-0.1
-0.05
0
0.05
0.1
0.15
S 
(g
/m
L)
 
Yeak Loam  
0 10 20 30 40Depth (m) 
-0.1
-0.06
-0.02
0.02
0.06
0.1
D
if
fe
re
n
ce
 (
g/
m
L)
 
0 10 20 30 40Depth (m) 
-0.1
-0.05
0
0.05
0.1
0.15
S 
(g
/m
L)
 
Yeak Oam  
0 10 20 30 40Depth (m) 
-0.035
-0.02
-0.005
0.01
0.025
0.04
D
if
fe
re
n
ce
 (
g/
m
L)
 
0 10 20 30 40Depth (m) 
-0.1
-0.05
0
0.05
0.1
0.15
S 
 (
g/
m
L)
 
 Yeak Kara   
0Depth (m) 
-0.1
-0.06
-0.02
0.02
0.06
0.1
D
if
fe
re
n
ce
 (
g/
m
L)
 
0Depth (m) 
 
87 
4.6. YK0712B sediment core  
In the previous sections, the contemporary biogeochemistry of the study sites 
and the isotope dynamics of meteoric and surface waters were described.  These data 
are critical in demonstrating the climate sensitivity of the field sites, and for the palaeo-
climatic interpretation of the sedimentary archive. This section will describe the results 
of analysis of sediment cores from one of these sites, Yeak Kara. The sedimentology, 
geochemistry and stable isotope dynamics of these sediment archives are instrumental 
in gaining a holistic understanding of the palaeoclimate information they contain as they 
provide insight into the environmental conditions and responses to climate over time 
(Cheng-Bang et al., 2011).  
 
4.6.1. Sediment characteristics 
Core YK0712B is 13 m long, being comprised of 13 one-metre long sections. 
Table 4.2 shows the total amount of sediment recovered from each corer drive. It is 
assumed that, for each section, one metre of sediment has been compressed into the 
recovered length. A visual log of the core indicated four distinct units based on colour 
and texture – Unit 1 (13.0-12.35 m), Unit 2 (12.35-11.91 m), Unit 3 (11.91-4.1 m) and 
Unit 4 (4.1m-0.0 m), which are described below.  
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Table 4.2: Recovered sediment for each drive for core YK0712B 
Drive 
number 
Section 
(m) 
Upper depth 
(cm) 
Lower depth (cm) Total length of sediment 
recovered (cm) 
1 0-1 m 13.5 100.0 86.5 
2 1-2 m 13.2 100 86.8 
3 2-3 m 11.8 99.5 87.7 
4 3-4 m 29.5 99.0 69.5 
5 4-5 m 16.0 98.4 82.4 
6 5-6 m 20.0 98.5 78.5 
7 6-7 m 38.5 100.0 61.5 
8 7-8 m 23.0 98.5 75.5 
9 8-9 m 16.5 100.0 83.5 
10 9-10 m 3.5 99.0 95.5 
11 10-11 m 17.0 100.0 83 
12 11-12 m 33.5 100.0 66.5 
13 12-13 m 5.5 100.0 94.5 
 
Unit 1 (13.0-12.35 m) is a massive brownish black (2.5Y/3/1) clay or silty clay 
with an abrupt upper boundary with Unit 2 (12.35-11.91 m). It is consistent in colour 
and texture and has some fine (<1 mm) gas bubbles with a soft but non-fluid 
consistency.  
Unit 2 (12.35-11.91 m) is a laminated silty clay, showing alternating layers of 
dark greyish yellow (2.5Y/5/2/), yellowish grey (2.5Y/4/1) and light grey (2.5Y/8/1) 
<1 mm in thickness interspaced with very thin layers (≤1 mm) of brownish black 
(2.5Y/3/1) material. At 11.95 m and 12.555-12.35 m, there are small reddish brown 
(2.5YR/4/8) tinges to these laminations. This unit is moderately hard and non-fluid, with 
laminations displaying sharp, distinct boundaries with each other. The boundary 
between this unit and Unit 3 at 11.91 m is clear, occurring over 2 cm starting at 
11.925 cm. It is marked by the rapid cessation of yellowish grey laminations and a 
resumption of brownish black (2.5Y/3/1) silty clay sediment.  
Unit 3 (11.91-4.1 m) is a massive brownish black (2.5Y/3/1) clay to silty clay 
characterised by the presence of yellowish brown mottles that resemble clear to diffuse 
laminations occurring intermittently throughout. At 11.622 m, there is a thin layer of 
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black (2.5Y/2/1) material of smooth texture with abrupt boundaries with the 
surrounding brownish black clay/silty clay, and at 11.70 m there is a thin band (1 mm) of 
yellowish brown (2.5Y/5/3) clay or silty clay with abrupt boundaries to the surrounding 
brownish black clay/silty clay. From this point to 4.1 m, sediment is brownish black 
(2.5Y/3/2 and 2.5Y/3/1) with diffuse yellowish brown (2.5Y/5/3) and olive brown 
(2.5Y/4/3) mottling observed. The most distinct of these observed at 9.285-9.278 m 
(2.5Y/4/2), 8.93-8.92 m, 8.864-8.852 m, 8.760 m, 8.710 m, 8.610-8.605 m, 8.580-
8.575 m, 8.5470 m, 8.575-8.570 m and 8.485-8.480 m (all 2.5Y/5/3), 7.885-7.860 m 
(2.5Y/4/3), 7.805-7.800 m, 7.718-7.080 m, 7.620-7.610 m and 7.51-7.50 m (2.5Y/5/3). 
There are occasional very thin (usually 0.5-1 mm) bands of charcoal (2.5Y/1/1) present 
(9.955 m, 8.973 m,  8.783 m, 8.776 m, 8.740-8.745 m, 8.69-8.70 m, 8.655 m, 6.802-
6.808 m, 4.945-4.920 m). In this Unit, mottled areas correspond to slightly more silty 
texture, however the transition between areas of more silty clay texture and areas of 
more clay texture is very diffuse. Unit 3 has an abrupt lower boundary at 4.1 m with the 
cessation of mottling. Small gas bubbles (<1 mm in diameter) were infrequently 
distributed through the matrix between 8.464- 4.270 m. Small pieces of wood or 
charcoal fragments (<1 mm in size) were observed to be infrequently distributed 
through the matrix between 6.979-4.326 m. A piece of charcoal or wood ~8 mm in 
length was seen at 6.832-6.835 m. A small leaf was also observed at 5.660 m.  
Unit 4 begins at 4.1 m and is a massive clay with stable brownish black colour 
(2.5Y/3/1) and clay texture with no evidence of mottling. It retains consistent colour and 
texture throughout. Gas bubbles <1 mm in diameter were observed at 3.785 m, 
3.778 m, 3.777 m, 3.753 m, 3.749 m, 3.748 m, 3.719 m, 3.710 m, 3.708 m, 3.695 m, 
3.482 m, 3.384 m, 2.870 m, 2.610 m. A gas bubble of 0.85 cm was observed at 2.919-
2.900 m, and bubbles 1-2 mm in diameter were seen at 2.620 m and 2.493 m. From 2-
0 m, no overt gas bubbles were observed as this region was moderately fluid and the 
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process of splitting the cores smoothened the surface of the split. Occasional small, hard 
whitish fragments (ostracods tests) were observed at 4.920 m, 4.914 m, 4.715 m, 
4.650 m, 4.590 m, 4.550 m, 4.520 m, 4.470 m, 4.457 m, 4.355 m, 4.347 m, 4.324 m, 
4.304 m, 4.289 m, 4.282 m, 4.243 m, 4.235 m, 4.200 m, 3.863 m, 3.849 m, 3.843 m, 
3.539 m, 3.360 m, 3.322 m and 2.213 m. Small pieces of wood or charcoal fragments 
(<1 mm in size) were observed in the sediment at 3.975 m, 3.970 m, 3.630 m, 3.573 m, 
3.415 m, 3.396 m, 3.322 m and 2.926 m. In addition, a small piece of charcoal or wood 
was observed at 3.375-3.365 m. A void was observed from 40.1-40.7 cm. 
 
4.6.2. Loss-on-ignition analysis 
Through the YK0712B core, loss-on-ignition values show three broad trends – 
stability of high levels of inorganic carbon and siliciclastic material in Units 1 and 2 
followed by a general decreasing trend over depth in Unit 3, and a resuming of stability 
at much lower values in inorganic carbon and siliciclastic material in Unit 4 (Figure 4.30). 
Overall, Unit 3 shows a decreasing trend in inorganic carbon and siliciclastic material 
which is characateristed by significant amount of variability, especially with regard to 
inorganic carbon levels.  
Units 1 and 2 show relative stability in organic carbon levels, with values 
remaining within the 60-70% range. Inorganic carbon remains reasonably constant at 
about 20%, varying by one or two per cent aside from a drop to just over 12% at 12.8 m. 
Siliciclastic materials show slightly more variability, ranging from 14-27% in this section.  
Unit 3 shows reasonably stable levels of organic matter with reasonably low 
levels of variability and change, but there is a significant degree of change and variability 
in inorganic carbon and siliciclastic materials. There is a slight increase in organic carbon 
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content (~5%) at the beginning of this section (11.5-10.8 m) after which values tend to 
remain within ±5% of 80% until about 7.4 m. At this point, a slight decreasing trend 
occurs, with values dropping 15% until 5.7 m, with one anomalously low value of 35% at 
7.10 m. Inorganic carbon shows a series of sharp peaks (56% at 10.7 m, 68% at 8.8 m, 
50% at 8.2 m and 33% at 7.1 m), although mean values tend to hover around 30-35% 
around these peaks. There are a series of troughs, which are much more gradual, that 
reach very low values (<5% from 9.9-9.3 m, 7.5-7.6 m, 7.10 m, 6.60 m and from 4.9-
4.10 m). The gradients joining these peaks and troughs show some variability from 11.9-
10.7 m. They tend to be reasonably smooth from 10.7-8.8 m, resume greater variability 
from 8.8-6.6 m, and are again reaosnably smooth from 6.5-4.1 m. Trends in change and 
variability in siliciclastic material follow the same broad patterns as those observed in 
inorganic carbon, however proportions of siliclastic material are generally lower with 
23% at their peak in this region aside from an anomolously high value of 49% at 5.1 m.  
Within Unit 4, organic carbon levels show variability between 65-75% from 4.1-
0.6 m, after which they decrease to remain stable within 2-3% ±60%. Inorganic carbon 
levels remain relatively stable between 1-5% with little variability, and siliciclastic 
material follows this same trend. 
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Figure 4.30: Breakdown of Loss On Ignition data through YK0712B  
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4.6.3. Particle-size analysis 
Particle-size distributions show a number of trends through the core, with broad 
trends fitting well into the four Units used to describe sediment characteristics 
(Figure 4.31).  
In Unit 1, particle-size data shows the proportion of clay increases from 20% at 
the base of the unit to less than 40% before a sharp, abrupt drop at 12.3 m. Silt content 
shows reasonably high levels of about 70% at 13 m, dropping to 50% at 12.3 m. This 
section of the core shows low values for coarse silt (~5% throughout, increasing by 1-2% 
towards 12.3 m) and very fine sand (2% increasing to 4% at 12.3 m). There are very small 
amounts (1% or less) of fine, medium, coarse and very coarse sand in this Unit. At the 
beginning of this Unit, skewness, variance, kurtosis and standard deviation of samples 
are all moderately high but drop rapidly to within the range of average values for the 
whole core.  
Unit 2 shows clay rapidly increase to 27% before decreasing slightly to ~16% by 
12.3 m. Silt proportions follow a very similar trend, peaking at 78% at 12.3 m and 
dropping to 58% by 11.9 m. Coarse silt, very fine sand and fine sand show a similar trend 
to that observed for clay, increasing slightly over the Unit from 11.9-12.3 m. Coarse silt 
and very fine sand levels are slightly higher in this Unit, between 5-10%, as are fine sand 
levels at 2-5%. Medium sand, coarse sand and very coarse sand show very low levels 
through this Unit. Skewness, kurtosis, variance and standard deviation of samples are 
elevated during this region, all peaking at 12.4 m.  
Through Unit 3, all particle-size fractions with the exception of clay-sized clasts 
show greater variability than in other parts of the core. Clay shows low and reasonably 
stable levels through this section, staying within 3-17% but tending to average at 10%. 
Coarse silt, very fine sand, fine sand, medium sand, coarse sand and very coarse sand 
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follow a similar pattern but with a more pronounced peak at 10.7 m. At 9.3 m there is an 
increase in these values which continues in a stable manner until a small decrease at 
7.0 m followed by a larger increase at 6.7 m.  Silt shows much higher proportions than 
the other fractions, and much higher variability following a different trend. Through the 
entire length of Unit 3, silt broadly decreases from ~80% to ~40%, with a large fall in 
value at 10.7 m and 6.7 m, where the other fractions increase. Skewness and standard 
deviation of samples are reasonably constant through this section, although some small 
variations are observed from 10.6-10.4 m and at 6.8 m. Kurtosis and variance show 
distinct variation through this Unit, starting off high at the beginning of the Unit and 
dropping rapidly until 12.0 m. From here, kurtosis and variance both remain relatively 
low but display some variability until 11.5 m, where they rise sharply until 12.3 m. 
Relatively high values are maintained until 9.5 m, aside from a sharp drop in values from 
10.6-10.4 m. From 9.5-9.1 m, kurtosis and variance decrease again, where they retain 
relatively stable levels through the remainder of the core bar a peak at 6.7 m and 6.0-
5.0 m.  
Unit 4 shows two broad trends across all fractions. From 4.1-3.1 m, very fine 
sand or coarser fractions show higher levels with relatively high variability, while from 
3.1-0.0 m they show very low levels with moderate variability. Coarse silt shows 
reasonably constant levels throughout this Unit, as do silt and clay. Skewness, standard 
deviation, variance and kurtosis of samples are reasonably stable in this Unit, with 
moderate increases in variability from 1.6 m to 0 m.  
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Figure 4.31: Particle-size analysis data and summary statistics plotted by depth 
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4.6.4. Magnetic susceptibility  
 Through the YK0712B core, magnetic susceptibility values show three broad 
trends (Figure 4.32). In Units 1 and 2, magnetic susceptibility starts at relatively high 
values at 13 m with high variability, dropping rapidly to within the range of values 
experienced in the remainder of the core by the end of Section 2, with the steepest drop 
in values observed at the boundary between Units 1 and 2. Through Unit 3, magnetic 
susceptibility values are reasonably stable but have high variability in some places and 
high standard deviations in some sections. Unit 4 shows a significant decrease in the 
standard deviation and a slight decrease in variability, however the trends observed in 
Unit 3 continue.  
In Units 1 and 2, magnetic susceptibility values start off at their highest in the 
entire length of the YK0712B core at 13.0 m, decreasing very rapidly from 0.00300 SI to 
within the average range of the rest of the core (0.00100 to -0.00050 SI) at 11.9 m. This 
region is also characterised by a large amount of variability. At the boundary between 
Unit 1 and Unit 2 there is a very large drop in magnetic susceptibility values. Within Unit 
2, values remain roughly within the higher range of those seen in the following Unit. 
Through Unit 3, magnetic susceptibility values maintain high levels of variability, 
however the change across this region is low compared to that in the previous section. 
There is a large increase in magnetic susceptibility values from 11.5-11.1 m followed by 
a decrease from 11.1-10.9 m that is not comparable to the rate of change in Unit 1 but 
similar in magnitude and rate to changes observed in Unit 2. From 10.9-6.0 m, magnetic 
susceptibility values are reasonably stable, with some gradual increases and decreases 
overlying the general variability. There is a sudden stabilisation in the amount of 
variability in magnetic susceptibility at 6.0m, with the onset of smoother changes and a 
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significant decrease in the size of standard deviations of samples. This trend continues 
from 6 m until the end of Unit 3 at 4.1 m.  
 Unit 4 shows a period of decreased variability and smoother transitions 
when change occurs as compared to Units 3, 2 and 1, with magnetic susceptibility values 
tending to have much smaller standard deviations. In this Unit, there is an increasing 
trend from 4.1-1.8 m, followed by a sharp decrease to 1.4 m, after which values are 
stable despite some level of variability.  
 
98 
 Figure 4.32: Magnetic susceptibility for 0-13m of YK0712B. Error bars indicate ranges of 
triplicate analyses.    
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4.6.5. Sediment geochemistry  
Scanning XRF was undertaken on the entire length of the YK0712B core in high 
resolution. In this study, calcium, strontium and rubidium are of key interest due to their 
relevance as palaeoclimatic proxies (Figure 4.33). A number of other elements were 
measured in addition. It can be seen that calcium and strontium follow very similar 
trends through the length of the YK0712B core, while rubidium follows a somewhat 
different trend that is different in some sections and similar in others. Changes observed 
follow the same broad structure as in previous sections, with discernible differences in 
Units 1-4.  
Within Units 1 and 2, strontium follows a very similar trend to that of calcium, 
while rubidium shows an opposite trend. Unit 1 shows stable low values for both 
calcium and strontium to be significantly low and very stable, rising very sharply at 
12.3 m and increasing to high variability. This trend continues until the end of Unit 2 
where values drop substantially at 11.9 m to return to values slightly higher than those 
observed in the 13-12.3 m section. Rubidium shows an almost opposite trend through 
Units 1 and 2, showing high values from 13.0-12.3 m, a sharp drop in XRF counts at the 
boundary between Units 1 and 2 at 12.3 m, and low values from 12.3-11.9 m. 
Within Unit 3, calcium and strontium show similar trends which are different 
from those shown in rubidium counts. There are elevated values in both strontium and 
calcium from 11.9-11.6 m which appear as a stabilisation from the high values seen in 
Unit 2, followed by a period of relative stability from 11.6-10.8 m. At 10.8 m, counts for 
both calcium and strontium increase rapidly over 0.1 m and sustain these higher values 
until 10.55 m, where they decrease until 10.4 m, resuming similar values to those seen 
prior to 10.8 m. These lower values remain relatively constant with low variability until 
9.4m, where values increase and develop higher variability until 7.0 m. From 7.0 m, both 
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calcium and strontium values show relative stability and low variability compared to 
previous parts of the core. There are some small but low magnitude peaks at 6.6-6.4 m 
and 5.0-4.8 m. At the beginning of Unit 3, rubidium counts show a continuation of the 
trend seen in Unit 2 from 12.35-11.0 m, with values here higher and more variable than 
in the rest of Unit 3. From 11.0-9.3 m, rubidium counts show a general decreasing trend 
with moderate variability in the rate of change and a number of very abrupt increases 
and decreases (10.7 m, 10.46 m, 10.03 m). From 10-4 m onwards, rubidium counts 
remain relatively stable within the 0-400 count range, showing some variability in the 
rate of change within this.  
Unit 4 shows stability and lower variability in calcium and strontium as well as 
rubidium. Calcium and rubidium show a continuity of trends in the latter half of Unit 3, 
with low stable values aside from small peaks at 3.1 m, 1.8 m and 0.8 m. Rubidium 
counts show comparable stability with slightly more variability in this section, with XRF 
counts tending to be lower than in Unit 3. There is a period of notable increase in the 
variability observed in rubidium counts from 2-1 m, but in the remaining sections of Unit 
4, rubidium counts show less variability and a decrease in the amount of change as 
compared to other parts of the core.  
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Figure 4.33: Calcium and strontium XRF counts (top) and rubidium XRF counts (bottom) from ITRAX geochemical analysis. Rubidium plot 
showing a 20-sample average in black to display trends in the dataset more clearly.
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4.6.6. Characterisation of carbonate species  
Authigenic carbonate in these lake sediments could be euhedral or anhedral in 
form, depending on where in the water column, or the sediment column, they formed. If 
the sedimentary carbonates crystals are found to be euhedral, it can be inferred that 
they precipitated in the surface waters of the lake (Rickaby & Schrag, 2005; Nelson et al., 
2009). If this is the case, their isotopic content will be a reflection of the isotopic content 
of the surface waters of the lake at the time at which they formed, reflecting rainfall 
amount from monsoonal circulation regional climate in the manner that has been 
discussed in the preceding sections of this chapter. If these crystals formed in interstitial 
pore waters in the sediment, however, they will have an anhedral form as a result of 
constrained crystal growth, and their isotopic content will reflect the isotopic content of 
these pore waters at the bottom of deep stratified lakes (Rickaby & Schrag, 2005; Nelson 
et al., 2009). In this case, the isotopic content of these carbonates would not be 
reflective of monsoon behaviour.  In order make this critical distinction, SEM-based 
analysis was used.  
Figures 4.34-4.38 reveal crystalline structures characteristic of aragonite, with 
the occasional presence of crystals characteristic of calcite. All of these crystals can be 
confirmed as euhedral as they demonstrate unimpeded crystal growth and 
characteristic euhedral aragonite form. Diatoms, particularly the planktonic genus 
Aulacoseira, are also present among the carbonate crystals (Figures 4.35-4.36). The 
sample from the non-laminated sections of the core (12.32-12.34m) also contains calcite 
and aragonite crystals (Figure 4.36).  
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Figure 4.34: SEM micrograph from the laminated section showing calcite and aragonite 
 
 
Figure 4.35: SEM micrograph of the laminated section of the core 
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Figure 4.36: SEM micrograph of sample from non-laminated section 
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Figure 4.37: SEM micrographs of acicular aragonite crystals 
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Figure 4.38: SEM micrographs of the orthorhombic dipyramidal structure of an aragonite 
crystal 
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To confirm that the species of carbonate are aragonite and calcite, geochemical 
analysis using energy dispersive spectroscopy (EDS) and electron backscatter diffraction 
(EBSD) was carried out. Figures 4.39-4.42 show the EDS spectra for crystals in each of 
the samples, where clear spikes for calcium, oxygen and carbon confirm that these are 
all calcium carbonates. Tables 4.2-4.5 identify the species of calcium carbonate with 
electron backscatter diffraction patterns and crystal structure analyses for select crystals 
in these samples.  
The emissions spectra generated using EDS are only able to confirm the 
geochemistry of individual crystals, so phase maps of the calcium carbonate species 
were generated for each sample using EBSD. Figures 4.43-4.46 show clearly that 
aragonite dominates the carbonate component of the sediment, with a smaller amount 
of calcite present. These phase maps show that the non-laminated section contains low 
levels of carbonate (less than 2% of the pre-treated SEM sample), but that the dominant 
species is aragonite (1.08%) with only 0.18% calcite present. These portions are 
comparable in the laminated sections of the core.  
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Figure 4.39: EDS spectra of aragonite in the laminated section 
 
 
Table 4.3: EBSD of aragonite in laminated section 
Description EBSD refraction pattern 
Name Aragonite  
 
 
 
 
Database Inorganic Crystal Structure 
Database 
Structure 
Crystal 
System 
Orthorhombic 
Shape  
 
LaueGroup 3 
Space Group 62 
Unit Cell 
a 5.74 Å 
b 4.96 Å 
c 7.97 Å 
Alpha 90.00 ° 
Beta 90.00 ° 
Gamma 90.00 ° 
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Figure 4.40: EDS spectra of calcite in the laminated section 
 
Table 4.4: EBSD of calcite in laminated section  
Crystal Description EBSD refraction pattern 
Name Calcite  
 
 
 
Database Inorganic Crystal Structure 
Database 
Structure 
Crystal 
System 
Trigonal 
Crystal 
shape 
 
LaueGroup 7 
Space 
Group 
0 
Unit Cell 
a 4.99 Å 
b 4.99 Å 
c 17.06 Å 
Alpha 90.00 ° 
Beta 90.00 ° 
Gamma 120.00 ° 
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Figure 4.41: EDS spectra of aragonite in the non-laminated section 
 
Table 4.5: EBSD analysis of aragonite in non-laminated section 
Description EBSD refraction pattern 
Name Aragonite  
 
 
 
Database Inorganic Crystal Structure 
Database 
Structure 
Crystal 
System 
Orthorhombic 
Crystal 
shape 
 
LaueGroup 3 
Space 
Group 
62 
Unit Cell 
a 5.74 Å 
b 4.96 Å 
c 7.97 Å 
Alpha 90.00 ° 
Beta 90.00 ° 
Gamma 90.00 ° 
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Figure 4.42: EDS spectra of calcite in the non-laminated section 
 
Table 4.6: EBSD analysis of calcite in non-laminated section 
Description EBSD refraction pattern 
Name Calcite  
 
 
 
Database Inorganic Crystal 
Structure Database 
Structure 
Crystal 
System 
Trigonal 
Crystal 
shape 
 
LaueGroup 7 
Space Group 167 
Unit Cell 
a 4.99 Å 
b 4.99 Å 
c 17.06 Å 
Alpha 90.00 ° 
Beta 90.00 ° 
Gamma 120.00 ° 
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Figure 4.43: EBSD phase map for sample A (sample from non-laminated section still 
containing calcium carbonate) showing micrograph (top), phase map (mid) and legend 
(bottom) 
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Figure 4.44: EBSD phase map for sample B (sample from laminated section) showing 
micrograph (top), phase map (mid) and legend (bottom) 
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Figure 4.45: EBSD phase map for sample C (sample from laminated section high in iron) 
showing micrograph (top), phase map (mid) and legend (bottom) 
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Figure 4.46: EBSD phase map for sample D (sample from laminated section high in 
strontium) showing micrograph (top), phase map (mid) and legend (bottom) 
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4.6.7. Stable isotopes of oxygen in sediment 
The stable isotope ratios in carbonate held in the sediments of the 4.411-
13.00 m section of YK0712B core are shown in Figure 4.47. This record extends through 
Unit 1 and Unit 2 but not completely though Unit 3. 
In Unit 1, stable isotope values of oxygen are relatively negative, showing a very 
large anomalous drop in values at from -4.7‰ at 12.882 m to -9.2‰ at 12.845 m, which 
returns to -3.7‰ at 12.770 m. There is a broad decreasing trend in this Unit from -3.3‰ 
to -5.6‰ at 12.360 m, just into Unit 2. Unit 1 shows variability in the rate of change, 
however sample variability is low. Unit 2 shows distinctly steady levels of stable isotopes 
of oxygen within 0.3‰ of -5.0‰, however there is very high variability between 
samples. At 12.005 m, samples drop to -5.7‰, where they remain relatively stable until 
11.594 m in Unit 3.  
Unit 3 shows a decreasing trend from -5.7‰ at 12.005 m to -6.3‰ at 9.790 m. 
This decrease shows a series of peaks and troughs that does not depict abrupt changes 
however does indicate small-scale cyclic changes in climate through this period. At 
9.790 m, values increase sharply from -6.3‰ to -2.8‰, and then decrease rapidly to -
7.8‰ at 9.237 m. This section shows very high variability between samples, with a 
maximum value of -1.6‰ and minimum of -7.8‰. From 9.237 m to 4.781 m, there is a 
general increasing trend in stable isotope values, and there are small periods of 
suddenly increasing and decreasing values with higher variability from 8.241-8.008 m 
and 7.711-7.059 m. At 5.702 m (-6.6‰) there is a peak in values until 5.468 m (-4.1‰), 
which decreases until 5.312 m (-6.2‰) where there is a resumption of an increasing 
trend until 4.773 m (-2.0‰). At this point, a period of significant variability and relatively 
high stable isotope values begins, with values fluctuating between -4.4 to 2.9‰.  
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Figure 4.47: δ18O (‰PDB) record from YK0712B core 
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4.6.8. 14C Dating of the YK0712B sediment core 
A series of samples from selected depths of YK0712B were analysed by AMS for 
14C ages (Table 4.7, Figure 4.48). Some of these analyses returned anomalously old 
dates, presumably as a result of the uptake of old radiocarbon from the groundwater 
aquifer (Maxwell, 1999). These anomalous ages (10,016 cal yr BP at 9.805 m and 
12,971 cal yr BP at 12.26 m) did not align well with ages from adjacent or nearby 
samples, and when these values were removed the age model was reasonably similar to 
that described by Maxwell (1999). The two anomalous ages were hence not utilised for 
the construction of the age model used for the YK0712B core in this thesis, but their 
presence provides valuable data about possible limnological characteristics of Yeak Kara 
through the Holocene.  
A chronological age model was generated to link depth to AMS radiocarbon 
dates (Figure 4.49). This age model was used to estimate sedimentation rates through 
the Holocene at Yeak Kara (Table 4.8).
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Table 4.7: 14C dating and calibration for YK0712B. Samples in bold used for age model; samples in italics not used, thought to show anomalously 
old dates as a result of old carbon from the hardwater effect. Relative area under probability distribution after Reimer et al 2013. 
BETA 
Analytic 
number 
Sample depth Pre-treatment  Method 
14
C age (yr BP) Cal curve Cal yr BP error min 
(2 sigma) 
error max (2 
sigma) 
relative area under 
probability 
distribution 
375627 1.300-1.350 m 
(sediment) 
(organic material): 
acid/alkali/acid 
AMS 
(sediment) 
 1660 ± 30 intcal13.14c 1563 1520 1624 0.939 
375628 5.080-5.130 m 
(sediment) 
(organic material): 
acid/alkali/acid 
AMS 
(sediment) 
 4330 ± 30 intcal13.14c 4891 4843 4967 1.000 
375629 9.805-9.855 m 
(sediment) 
(organic material): 
acid/alkali/acid 
AMS 
(sediment) 
 8860 ± 30 intcal13.14c 10016 9884 10158 0.908 
376824 9.805-9.855 m 
(Plant) 
(plant material): 
acid/alkali/acid 
AMS 
(sediment) 
 6270 ± 30 intcal13.14c 7212 7161 7263 1.000 
373056 12.26-12.28 m 
(SEM sample A, 
sediment) 
(organic material): 
acid/alkali/acid 
AMS 
(sediment) 
 11100 ± 50 intcal13.14c 12971 12818 13078 1.000 
373057 12.32-12.34 m 
(SEM sample C, 
sediment) 
(organic material): 
acid/alkali/acid 
AMS 
(sediment) 
 7930 ± 40 intcal13.14c 8769 8631 8817 0.605 
 
 
Figure 4.48: 14C dates with error for YK0712B 
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Figure 4.49: Cal yr BP age model for YK0712B 
 
Table 4.8: Approximate sedimentation rate through the Holocene in Yeak Kara 
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CHAPTER 5:  Discussion  
 
This study utilises δ18O ratios in carbonates in lake sediments as a proxy for past 
rainfall amount in the Asian monsoon region. When considering any proxy, it is critical 
that the means by which it can be used to infer past climatic variables be clearly 
delineated in order to ensure that accurate interpretation is made (Zhang et al., 2011; 
Darling et al., 2004; Grootes 1993). The stable isotope characteristics of meteoric waters 
and lake surface waters will be compared to show the link between lake waters and 
regional climate, laying the foundation for the understanding of how stable isotopes of 
oxygen in sedimentary carbonates can be used as a proxy for past rainfall. In addition, 
the limnological and geochemical characteristics of the lake waters, as given in 
Chapter 4, will be used to understand the biogeochemistry of lake sediments. 
 
5.1. Scientific value of the Cambodian crater lakes  
Basin morphology is an important determining factor in many of the processes 
that occur within a lake (Lewis Jr, 2010). All four lakes have extremely small catchments 
that are delineated by a crater rim, with negligible inflow and no natural outflow, as can 
be seen in satellite imagery (Figures 4.1-4.4, pp. 47-50). These characteristics are 
particularly desirable from a climate science perspective as lake levels, and hence 
isotopic chemistry, are determined primarily by the balance between precipitation and 
evaporation (Gupta, 2011). In addition, Yeak Loam, Yeak Oam and Boeng Lumkut are 
deep with relatively little surface area, which tends to result in lake water stratification. 
In stratified tropical lakes, bottom waters (the hypolimnion) tend to be anoxic and 
undisturbed by the wind-driven turbulence associated with shallow, open lake systems 
(Street, 1980; Street- Perrott & Harrison, 1985; Bengtsson & Malm, 1977; Kebede 
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et al., 2006). As a result, sediment that accumulates on the lakebed is undisturbed by 
bioturbation or physical mixing, making sediment archives a valuable record of climate 
variability. Deep stratified lakes have been used in similar palaeoclimatological studies in 
other parts of the world (Crausbay et al., 2006; Hodell et al., 1999; Liu et al., 2008; 
Mingram et al., 2004; Peteet 2000; Tinner & Lotter, 2001; Teranes & McKenzie, 2001).  
 
5.2. Physical and chemical processes in lake waters  
5.2.1. Limnology  
The Cambodian crater lakes are either deep stratified lakes with an oxygenated 
epilimnion and anoxic hypolimnion (Yeak Loam, Yeak Oam and Boeng Lumkut) or 
shallow and unstratified (Yeak Kara). The stratified lakes are meromictic, with an 
irregular mixing frequency of 3-7 years (Williams, 2013) whereas the shallow lake is 
polymictic (permanently mixed). The depths of the thermocline in the stratified lakes as 
observed through sampling periods from 2012-2013 are shown in Table 5.1.  
Table 5.1: Position of the thermocline (metres below the lake surface) in studied lakes 
over the sampling period 
 Nov-11 Feb-12 July-12 Apr-13 
Boeng Lumkut 16 m 2 m 13 m - 
Yeak Loam 10 m 7 m 12 m 5 m 
Yeak Oam 17 m 2 m 14 m - 
 
Sedimentation rates in Yeak Kara are relatively high, at 0.49 mm/yr in the mid 
Holocene and 1.15 mm/yr in the late Holocene (Table 4.8, p. 120). These data 
demonstrate that Yeak Kara was once much deeper - certainly deep enough to produce 
and maintain stratification given the depth of the thermocline in the other lakes - and 
has been rapidly infilling to become a shallow polymictic lake by the late Holocene. This 
being the case, the current biogeochemical dynamics of Yeak Loam, Yeak Oam and 
Boeng Lumkut could provide an analogue for Yeak Kara in the early-to-mid Holocene.  
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The specific trigger(s) for mixing events in these meromictic lakes are not well 
understood (Williams, 2013). It is unclear at what threshold water depth these rapidly 
infilling meromictic lakes become polymictic, but the average thermocline depth in the 
currently stratified lakes of up to 17 m may represent the depth at which stratification is 
possible. Recent investigations into possible factors contributing to an irregular 3-7 year 
mixing regime in Yeak Loam suggest that they may involve a combination of wind speed, 
wind direction and temperature acting in concert under specific meteorological 
conditions (Williams, 2013).  
Temperature, specific conductivity, dissolved oxygen and pH have been 
monitored in both the meromictic and polymictic lakes (Section 4.3, pp. 55-60), and 
these limnological dynamics provide some insight into the stratification and mixing 
dynamics in these lakes and their links with possible driving mechanisms for this.  
Within these environments, the presence of electroactive ionic species in lake 
waters arises largely as a result of dissolved substances from surrounding bedrock in 
both surface flow and groundwater flow, the in-wash of soils in the catchment, as well 
as through biological and biogeochemical processes within the lakes themselves 
(Boehrer & Schultze, 2008, Lewis Jr, 2010). Biological and geochemical activity modify 
the specific conductivity of these waters; however, evaporation-precipitation dynamics 
may play a strong role in determining major ion concentrations by dilution or 
concentration in Yeak Kara (Wetzel, 1975; Boehrer & Schultze, 2008). It is also possible 
that saline groundwaters may contribute to increased conductivity levels in lakes such as 
these (Eugester & Hardie, 1978; Nelson et al., 2009).  
The pattern of changes in specific conductivity values coincide with changes in 
seasonal changes in monsoonal precipitation and evaporation in all of the lakes studied, 
with clear similarities between samples taken during the dry winter monsoon period 
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(November 2011, February 2012) and values for samples taken when the summer 
monsoon was active (July 2012, April 2012). During dry conditions, conductivity is lower 
in Yeak Loam and Yeak Oam, but increases with depth. This suggests that stratification is 
strong during dry periods, especially in the hypolimnion of these lakes. Conductivity 
increases during wetter conditions as a result of higher levels of erosion and runoff 
bringing dissolved material into the catchment (Drever, 1988). To a lesser degree, the 
warmer conditions during the summer monsoon period coupled with greater nutrient 
availability from this runoff causes an increase in biological activity at these times, 
resulting in increased specific conductivity (Rickaby & Schrag, 2005).  
Yeak Kara shows high specific conductivity during dry winter monsoon periods 
and lower levels of conductivity during wetter summer monsoon periods. Yeak Kara is a 
shallow lake that has very high concentrations of dissolved solids compared to the other 
lakes. During dry periods, high levels of evaporation due to the large surface-area-to-
volume of these lakes cause specific conductivity to increase. When there is rainfall (the 
wet summer monsoon period), more water volume is added to the lake, resulting in 
dilution of lake waters and decreased specific conductivity (Eugster & Hardie, 1978). 
These distinct differences in dissolved solute concentration over the year suggest that 
the lake water dynamics of Yeak Kara, in particular, are strongly responsive to the 
summer and winter monsoon. 
Biological activity will change as the temperature and nutrient status of these 
waters change over time, and periods of low dissolved oxygen in the epilimnion indicate 
increased primary productivity and vice versa (Lewis Jr, 2010).  Within the hypolimnions 
of deep stratified lakes, dissolved oxygen levels are not replenished by contact with the 
atmosphere unless there is deeper mixing or a turnover event. In addition, biological 
activity in these deep stratified lakes is dependent upon temperature and nutrient 
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availability. As the temperature of lake waters is relatively high and constant throughout 
the year, primary productivity yield will be strongly related to nutrient availability 
(Lewis, 2010). In both Yeak Loam and Boeng Lumkut, the transition from oxygen 
enriched to oxygen depleted waters occurs at the thermocline, ~17 metres depth, with a 
sharp transition from highly saturated oxygen levels to near anoxic waters within a few 
metres. When dissolved oxygen levels with depth are compared with the position of the 
thermocline, a clear link is discernible across all deep stratified lakes (see Table 5.1, 
p.122). In addition to the primary pH controls, pH in these lakes is mediated by biological 
activity, and thus trends with depth over time are very similar to those observed for 
dissolved oxygen as biological activity will only persist as far down into the water column 
as there is light and oxygen to support it (Lewis Jr, 2010). Biological activity and related 
primary productivity is controlled by nutrient availability, which is linked in tropical deep 
stratified lakes to rainfall regimes and irregular mixing events. In analyses of pH with 
depth over time in these lakes, it can be seen that pH levels decrease with depth, with 
epilimnion waters being more alkaline. Biological activity acts to increase the alkalinity 
of lake waters by acting as a buffer to acidification by consuming dissolved solutes in 
biological processes and increasing solubility of bicarbonate (Eugster & Hardy, 1978; 
Leng & Marshall, 2004). When alkalinity is high enough, supersaturation leads to calcium 
carbonate precipitating out of solution in lake waters.  
 
5.2.2. Geochemistry 
Analysis of trends in major ions in lake waters through the water column and 
over time for the stratified lakes (Yeak Loam, Yeak Oam and Boeng Lumkut) as well as 
shallow Yeak Kara show that some of these ions display little change in concentrations 
with depth or time, while others show higher (lower) concentrations in the epilimnion 
and lower (higher) concentrations in the hypolimnion.  
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Where differences in major ion concentrations occur through the water column 
in stratified lakes, they can be linked to precipitation-evaporation dynamics associated 
with the change from the wet Indian summer monsoon to the dry East Asian winter 
monsoon. The response of epilimnion waters of these lakes to increased evaporation 
associated with the dry winds of the winter monsoon can be seen in samples from 
February 2012 and April 2013, both of which fall towards the end of the dry season. At 
these times, winter monsoonal winds have been the dominant circulation for a few 
months, and the waters of Yeak Kara and epilimnion waters of the stratified lakes have 
become more concentrated as a result of water loss. These effects are most pronounced 
in Yeak Kara, as there is a much higher surface area to volume ratio compared to the 
other lakes. In Boeng Lumkut, these evaporative effects are felt the least due to a 
comparatively lower surface area to volume ratio. Evaporative effects are comparable in 
Yeak Loam and Yeak Oam, as they have similar surface area to volume ratios.  
In Figures 4.23-4.27 (pp. 78-83), plots for calcium, barium, silica and strontium 
clearly show that there are discernible differences between concentrations of measured 
ions in the epilimnion waters and hypolimnion waters. There are steeper gradients of 
change in concentration with depth observed in Yeak Oam than in Yeak Loam, and in 
Yeak Loam than Boeng Lumkut, within each sampling period. These trends suggest 
saturation or near-saturation in these waters. In other similar lakes that have been 
studied for their palaeolimnology, calcium, barium, silica and strontium are involved in 
the biogeochemical formation of authigenic detrital carbonates (carbonates formed 
within the lake basin environment, as opposed to being formed through weathering in 
the catchment and washing into the lake, and which then fall through the water column 
and are subsequently sequestered in the sediment). In these instances, the alkalinity of 
surface waters increase in response to biological activity that is triggered by nutrient-
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rich hypolimnion waters fully or partially mixing with epilimnion waters (Rickaby & 
Schrag, 2005; Nelson et al., 2009).  
 
5.3. Stable isotope ratios in lake waters and meteoric waters 
5.3.1. Relationship between meteoric waters and regional climate  
The amount effect is a phenomenon that arises in the tropics when intense 
rainfall events result in anomalously low δ18O relative to the source vapour (Dansgaard, 
1964, Rozanski et al., 1993; Eby 2004). Given the geographical location of the study area 
in the low latitudes and the predominance of the Indian summer monsoon as a source 
of water vapour for precipitation in this region, it would be expected that the amount 
effect is likely to influence isotope dynamics (Rozanski et al., 1993). In Figure 4.6 (p. 53) 
it can be seen that the rainwater samples maintain a similar trend to lake water samples 
during the sampling period, but the isotopic composition of rainwater samples tends to 
be more negative than lake surface waters, especially during the summer monsoon 
period. The isotopic composition of rain waters also has a greater range and variability 
compared to lake waters, which is a result of the dampening effect of relatively long 
residence time of water within the lake basin and evaporative processes. The amount 
effect is hence not a significant factor to consider in this study, especially given the close 
alignment between the LMWL and GMWL. 
In order to understand whether a link exists in the isotopic composition of 
meteoric waters falling in the study region and regional climate, isotopic composition of 
surface waters and meteoric waters were monitored and compared (see Section 4.2, pp. 
51-55).  Figure 4.5 (p. 51) reveals that the local meteoric water line (LMWL) ascertained 
from collected rain water and surface waters from Yeak Loam has a very similar gradient 
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to the global meteoric water line (GMWL) (Craig, 1960, Gat,2005;  Rozanski et al., 2003; 
Leng & Marshall, 2004). This close relationship suggests that the isotopic signatures of 
local meteoric waters are an effective proxy for the isotopic signature of water vapour 
over a much larger area. The predominant climatic force which impacts upon the stable 
isotope composition of regional rainfall in mainland Southeast Asia is the Indian 
monsoon system, which brings moisture from the southwest to deliver monsoonal 
rainfall in the Northern-Hemisphere summer. The moistures source for this precipitation 
must, therefore, be from the Indian summer monsoon region unless there are typhoons 
or tropical storms coming from the northeast during summer months. The similarity 
between the local and global meteoric water lines in this instance strongly suggests that 
other factors known to influence the isotopic ratios of precipitation (alterations with 
rain-out associated with latitude, continentality, altitude) are minimal (Dansgaard, 1964, 
Rozanski et al., 1993; Gat, 2005; Singh, 2013; Gourcy et al., 2005).  
Tropical low pressure systems represent a source of intense rainfall from the 
Pacific Ocean and the South China Sea and have the potential to alter the isotopic 
signature of summer monsoon rainfall, vapour which is sourced primarily from the 
Indian Ocean. No typhoons passed through the study region in the sampling period. 
However, one severe tropical storm (‘Gaemi’, 29/09/12-07/10/12) was reported to have 
occurred in the study region (The Weather Channel, 2014). The storm produced heavy 
rainfall over Ban Lung, with 162.8 mm of rainfall recorded by the rain gauge and peak 
intensity of 3.81 mm/s. The isotopic signal of this tropical storm was observed as a small 
decrease in the stable isotope ratio of lake waters trend over time for both δ18O and δ2H  
but did not significantly increase or decrease the isotope ratios of surface waters (Figure 
4.6, p.53). Isotopic signatures in lake waters were trending down in response to peak 
Indian summer monsoon activity as the wet season had developed, and the effects of 
Gaemi are not significant in this context. Isotopic values in rainfall are much more 
 
129 
variable, however, and the impact of Gaemi can be seen more clearly. There is a distinct 
negative response, with stable isotope values for both δ18O and δ2H in rain water 
decreasing in response to the severe tropical storm and then continuing to increase in 
response to the end of Indian summer monsoonal rainfall. It is important to clarify the 
extent to which different moisture sources impact the δ18O and δ2H signal in meteoric 
waters as this has implications for palaeoclimatic interpretations in the event that lake 
sediments are to be interpreted to faithfully reflect the δ18O and δ2H of regional 
precipitation (Maher & Thompson 2012). 
The water line for isotopes in the surface waters of Yeak Loam strongly indicate 
an enrichment process due to evaporative fractionation processes. In these lakes, whilst 
there is still a linear correlation between δ18O and δ2H, the key fractionation processes 
involved are those influencing meteoric waters, primarily  Rayleigh-type fractionation 
(Craig, 1961, Gat, 2005;  Allegre, 2008; Dansgaard, 1964, Eby, 2004; Bowen, 1988). As 
water evaporates from surface waters, however, non-equilibrium fractionation 
processes are much more important, leaving the residual waters enriched in heavier 
isotopes (18O, 2H) relative to the vapour evaporated from them. This is reflected in the 
lake surface water isotope data being offset from both the LMWL and the GMWL, as 
shown in Figure 4.5 (p. 51) (Drever, 1982; Dansgaard, 1964). These non-Rayleigh-type 
evaporation-influenced systems are useful when considering possible records of climate 
changes because the isotopic composition of surface waters in these lakes is sensitive to 
precipitation/evporation balance and thus to relative influence of both the summer 
(wet) and winter (dry) monsoon systems.  
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5.3.2. Relationship between lake waters and regional climate  
In order to understand whether authigenic carbonates formed in lake surface 
waters can be considered proxies for past climate, it is important to discern whether a 
relationship exists between surface waters and meteoric waters. 
In deep stratified lakes (Yeak Loam, Yeak Oam and Boeng Lumkut), changes in 
δ18O and δ2H of lake waters with depth show a greater degree of mixing in the 
hypolimnion during the dry season compared to the wet season, as the lakes appear to 
have more pronounced stratification during the drier months of the year (Figures 4.14-
4.21, pp. 61-67). This stronger stratification during dry winter monsoonal periods 
compared to wet summer monsoon periods is supported by a steeper isocline for both 
δ18O and δ2H during drier sampling periods (December 2011 and November 2012). 
These data suggest that evaporation is a strong influencing factor of isotopic 
composition in winter monsoonal periods, due to evaporative fractionation in the 
presence of the warm, dry conditions which the winter monsoon brings. 
In shallow polymictic Yeak Kara, the drier conditions of the winter monsoon 
result in an increase in conditions during which evaporation is a controlling factor in 
determining the stable isotope content of these lake waters. Evaporation has a stronger 
influence in Yeak Kara waters compared to the deeper lakes due to the high surface-
area-to-volume ratio of Yeak Kara (see Table 4.1, p.55),  which amplifies evaporative 
fractionation effects (Gat 2005). 
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5.4. Lake sediments and regional climate  
In the early to mid Holocene, Yeak Kara was a deep stratified lake. In this case, 
hypolimnion waters would not come in contact with the atmosphere unless there was a 
mixing event, as is the case with Yeak Loam, Yeak Oam and Boeng Lumkut in the present 
day. In lakes that are stratified in the present-day, it has been demonstrated that lake 
waters contain calcium, which can be involved in the production of biogenic detrital 
carbonates (Rickaby & Schrag, 2005).  
XRF data indicate counts of calcium between 7 and 13m depth in core YK0712B 
which are elevated (x ̄= 14 686 counts) relative to average counts for the rest of the core 
(x ̄= 1296 counts) (Figure 4.33, p.101). In this instance, calcium is being considered to be 
a proxy for the presence of carbonate in the sediment. There is no limestone in the 
catchment (the nearest occurrence is 23 km to the southwest), which is dominated by 
Quaternary-aged basalt and Jurassic-aged sandstone (Hoang & Flower, 1988). 
Sedimentary carbonate, therefore, must be authigenic rather than detrital. This is 
supported by data in Section 4.6.6. (pp.102-115), which demonstrates that calcium 
carbonate in the sediment archives at Yeak Kara is authigenic and euhedral, 
precipitating in the surface waters when alkalinity increased as a result of biological 
activity associated with episodic turnover events and settling out to be sequestered in 
the sediment. Given that these carbonate crystals form in the epilimnion of stratified 
lakes, their isotopic composition must reflect the surface waters in which they form 
(Rickaby & Schrag, 2005). It was demonstrated in Chapter 4 that the isotopic 
composition of lake surface waters is reflective of seasonality in the monsoon system. 
Therefore carbonate crystals held in the sediment record can be used as a proxy for past 
monsoon activity.  
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5.4.1. Palaeoclimatic interpretation of lake sediment archives 
The lake sediment archives of YK0712B are a valuable tool for exploring the past 
precipitation regimes in mainland Southeast Asia through δ18O stable isotope data, 
which is supported by sedimentological and geochemical data. Independent dating of 
this core has enabled the development of an age model, which has been applied to data 
generated by analysis of sediments (Figure 5.1, p.134). These data reveal a number of 
interesting trends in the climatic signal of the Asian monsoon over mainland Southeast 
Asia. There are three key areas of climatic variability in the δ18O record that will be 
focussed on in this study. 
 Of key importance in the data presented in this study is the δ18O stable isotope 
record generated from authigenic carbonates in lake sediments. This shows, in high-
resolution, the precipitation-evaporation dynamics of summer/winter circulation over 
northeast Cambodia and the broader mainland Southeast Asia region as has been 
confirmed by data in Chapter 4. A number of other supporting data, introduced in 
Chapter 4, are displayed alongside the δ18O record which show responses of the 
catchment to climatic variability and change as recorded in lake sediment archives. 
These data are displayed according to the age model generated from calibrated 14C data.  
 There is a period of increased variability lasting ~195 years from 8770-8575 yrBP 
near the bottom of the YK0712B core (12.322-12.005m). This period shows a mean δ18O 
value of -5.1‰, and correlates with a very rapid increase in strontium and calcium 
counts and drop in magnetic susceptibility values and rubidium counts, accompanied by 
a slight increase in fine sand. It is at this point in the core, also, that a distinct change in 
composition from silty clay high in organic matter to carbonate laminations occurs. From 
these data, it is interpreted that prior to this period of time, Yeak Kara was a deep 
stratified lake that most probably experienced irregular mixing events but was not 
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sequestering carbonates to the sediment archive during these turnovers, as is the case 
at Yeak Loam, Yeak Oam and Boeng Lumkut presently. This may be the result of a more 
dilute chemistry, or of the scavenging of precipitated carbonates in the water column as 
a result of dissolution in an acidic hypolimnion before they could be sequestered in the 
sediment record. Nevertheless, the presence of fine carbonate laminae from 9787-8515 
yrBP (12.35-11.91m) suggests frequent and regular mixing that may be linked to high 
variability in the evaporation-precipitation dynamics of the lake at this time.
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Figure 5.1: Comparison of palaeoclimate proxies discussed in this study showing Loss On Ignition, Particle-Size Analysis and associated summary statistics, Magnetic 
Susceptibility, Sr counts, Rb counts and δ18O results plotted by age  
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  At 7200 yrBP, there is a rapid increase in δ18O of ~4‰ in ~50 years, followed by 
a relatively large and highly variable decline in δ18O until 6900 yrBP. The δ18O record 
here suggests a rapid change to either decreased precipitation or increased evaporation. 
This resulted in a shallowing of the lake, explaining very low inorganic carbonate levels 
from 7200-6900 yrBP. It is possible that a similar event occurred just after the cessation 
of carbonate laminations, as loss on ignition and particle-size data show a similar 
response to that observed in 7200-6900 yrBP, however this section of the core is not 
sampled in high-resolution for δ18O so trends are muted. Calcium and strontium counts 
in the XRF data show a response that supports trends suggested by δ18O data, however, 
suggesting that a persistent change in lake mixing dynamics in response to this 
decreased rainfall / increased evaporation that lasted until 5850 yrBP.  
 From 6900-5850 yrBP, δ18O remains relatively stable, however from 5850-
4600 yrBP, δ18O values show a steady increasing trend, suggesting that the end of the 
Holocene Optimum and weakening of the summer monsoon from 5850 yrBP was 
experienced over mainland Southeast Asia. Supporting this are trends in particle-size 
data which show a dramatic and sustained increase in relatively coarse fractions 
(particles of coarse silt size and higher), with low kurtosis values at 6900 yrBP that lasts 
until 3000 yrBP.  
 This sediment archive shows a high-resolution record of the precipitation-
evaporation dynamics over this region, which are controlled broadly by the Asian 
monsoon system. The Indian summer monsoon is the key monsoon province 
responsible for the delivery of rainfall to this area, and the East Asian winter monsoon 
plays an important role in evaporation. These results suggest that in the mainland 
Southeast Asia region, the Holocene Optimum ended at ~5850 yrBP with the summer 
monsoon decreasing in strength. The δ18O stable isotope record does not extend beyond 
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4300 yrBP, and further studies are needed to clarify the response of the summer 
monsoon system through the mid and early Holocene periods.  
Although there are two notable rapid changes in δ18O amount and variability 
observed in the section of the core analysed for stable isotopes, upon reflection of the 
role of sample size in biasing the variability present in the δ18O record, these may not be 
truly representative of periods of relatively high variability compared to other parts of 
the core that were sampled in lower resolution.  The Yeak Kara sediment δ18O record 
was compared with the Donnge speleothem δ18O record (Wang et al 2005) to explore 
whether these features were visible in other records in the nearby geographical areas 
where the Asian monsoon is the dominant climate regime (Figure 5.2). These data, 
although both representative of regional precipitation dynamics, reflect different 
monsoon sectors (Indian versus the East Asian moisture sources) and different pathways 
for the sequestration of oxygen stable isotope ratios in rainfall. Despite this, the Donnge 
cave record shows the same periods of high variability that are recorded in the Yeak 
Kara record from 7.2-6.9 kaBP and 4.6-4.3 kaBP, although they are not as pronounced. 
This could reflect the Indian and East Asian sectors of the monsoon responding 
differently to forcing mechanisms.  
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Figure 5.2: Comparison of broad trends in Donnge cave record (Wang et al., 2005) and 
Yeak Kara record of changes in the Holocene Asian monsoon. Both series are displayed 
with a three year moving average trend line. 
 
The Donnge cave record and the Yeak Kara record show different timing for the 
end of the Holocene Optimum and transition towards a weaker summer monsoon, with 
the Donnge record showing this transition occurring at ~7 ka, almost 1.2 kaBP earlier 
than the Yeak Kara record at 5.8 kaBP (Figure 5.2). This highlights the need to investigate 
the behaviour of the Asian monsoon through palaeoclimatic studies in the vast 
geographical area that its various provinces cover. Comparison of the timing of this 
transition in mainland Southeast Asia with those observed from studies in other 
geographical provinces of the Asian monsoon system are shown in Table 5.2 (p.138), 
where it can be seen to be similar to those in some records from Southwest and Central 
China. The geography of this study site is unique as its location is on the cusp of the 
Indian monsoon and East Asian monsoon systems. The similar timing of the end of the 
Holocene Optimum observed here further reflect the controls of the Indian summer 
monsoon and East Asian winter monsoon on the evaporation-precipitation dynamics in  
this region. 
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Table 5.2: Inferred timing of the end of the Holocene Optimum and transition to a weaker monsoon from Yeak Kara sediment δ18O records in the context of 
these changes in other geographical areas of the Asian monsoon.  
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5.4.2. Response of the Asian monsoon over mainland Southeast Asia to forcing 
mechanisms  
The changes in the strength of the intensity of the Asian summer and winter 
monsoons arises as a result of interactions and teleconnections with other climate 
systems as well as through responses to climate forcing mechanisms that impact the 
Earth system. It is important to note that the Yeak Kara sediment δ18O record is a 
reasonably high-resolution record. Different archives with varying resolutions and across 
varying timescales, as well as in different geographical locations, will introduce 
uncertainties when comparisons are made between proxy records, especially with 
regard to temporal resolution. The following are speculations of potential 
teleconnections and relationships that have been made with this in mind.  
In order to explore possible responses to forcing mechanisms, the Yeak Kara 
record was plotted against GISP2 volcanic markers (Zielinksi & Mershon, 1997; Zielinksi 
et al., 1994; Hempel & Thyssen, 1992; Palais et al., 1992; Palais et al., 1991) and 
atmospheric methane (Brooke et al., 1996), Vostok CO2 (Petit et al., 2001) and Northern-
Hemisphere summer insolation (Berger & Loutre, 1991) through the Holocene. It is 
known that lakes respond to variations in incoming solar radiation, which is one of the 
key drivers for mixing and biogeochemical changes in composition of waters (Boehrer & 
Schultze, 2008). These result in direct changes to circulation patterns in lakes both 
directly, for example, through impacting the density of water in the epilimnion, and 
indirectly, by waves and currents caused by changes in the weather and climate in 
surrounding areas and regions. These changes can be stored in variations in the lake 
sediments as records of palaeoclimate (Brauer, 2004). The sediment δ18O record in Yeak 
Kara shows the response of the Asian monsoon system over mainland Southeast Asia to 
insolation changes through the Holocene (Figure 5.3), which shows that the monsoon 
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system gradually decreased in strength in the mid Holocene in correlation with 
decreasing insolation. This is a feature observed across many studies exploring the 
Holocene dynamics of the Asian monsoon provinces and their mechanisms (see 
Chapter 2).  
Variation in atmospheric greenhouse gases such as carbon dioxide and methane 
over time impact climatic conditions, causing changes in regional hydrological dynamics. 
In Figure 5.3 (p. 141) there is a clear decrease in CO2 coinciding with the onset of more 
negative δ18O (wetter conditions), and increased atmospheric methane concentrations 
appear to coincide with increased longer-term variability. Increasing atmospheric carbon 
dioxide levels may also be related to the increasing variability seen after 4600 yrBP.  
There is a distinct response in the Yeak Kara sediment δ18O record to sudden 
increases in volcanic sulphates (GISP2) which coincides with the recorded abrupt drying 
at ~7100 yrBP. The anomalous drying with high variability from 7100-6900 yrBP may 
hence be a response of the Asian summer monsoon to volcanic forcing, where a 
stronger response was felt in the mainland Southeast Asia region compared to China, 
since this anomalous dry event is not recorded as strongly in the Donnge record.  
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Figure 5.3: Comparison of stable isotope data from YK0712B with total solar irradiance, GISP2 volcanic sulphates, Vostok atmospheric CO2 and GISP2 
atmospheric methane 
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CHAPTER 6:  Conclusions 
This study set out to create a high-resolution absolute dated direct climate 
signal record of the Asian monsoon over mainland Southeast Asia in the mid Holocene. 
This was done in order to ascertain how the timing and rate of onset of a dryer summer 
monsoon in the mainland Southeast Asia region aligned with those reported in 
surrounding geographical areas.  
A number of maar crater lakes, located in northeastern Cambodia were found to 
be valuable in the study of past climatic change. These lakes are located in a region 
which receives precipitation in Northern-Hemisphere summer months from the Indian 
summer monsoon, with the moisture source from the southwest. In winter months, the 
dry East Asian winter monsoon winds dominate. Surface waters in these lakes respond 
to the precipitation-evaporation dynamics of these two monsoon subsystems, and the 
δ18O and δ2H of lake surface waters responding to these changes in the isotopic 
dynamics of meteoric waters. 
Changes in the isotopic signatures of lake surface waters petered out to 
relatively stable values with depth, indicating that changes in the isotopic composition 
of surface waters was modified by the addition of rainfall in wet periods and by 
evaporative fractionation in dry periods. From this data, it is clear these lakes are 
sensitive to changes in hydrological regimes and that their surface water δ18O and δ2H 
ratios reflect regional climate variability. 
Three of the lakes studied are deep stratified lakes that are meromictic in nature 
(Yeak Loam, Yeak Oam and Boeng Lumkut), while one is a shallow polymictic lake (Yeak 
Kara). Yeak Kara is currently shallow and well mixed, but its high sedimentation rate 
suggests that it was deeper in the recent geological past, likely to have been similar to 
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the deep, stratified, meromictic status of Yeak Loam, Yeak Oam and Boeng Lumkut in 
the present day. It has been useful, then, to study the limnological and geochemical 
characteristics of these deeper lakes to gain an insight into the processes in Yeak Kara as 
it was in the early to mid Holocene.  
A 13 m long sediment core was taken from Yeak Kara in July 2012 (YK0712B). 
Radiocarbon dating of this core has produced an age model showing sediments at the 
bottom of the core to be ~9, 100 yrBP, indicating that this core extends into the early to 
mid Holocene period. As these lakes have extremely small catchments, collected 
sediments are likely to be authigenic or biogenic and largely detrital in nature, 
confirmed by loss on ignition analysis. A range of sedimentological and geochemical 
analyses were used to examine core sediments, revealing changes in the catchment and 
lake environment of the lake through the Holocene. Authigenic carbonate crystals were 
found in the sediments from 4.411-12.3 m, and these were investigated for their 
potential as faithful proxies of direct climatic response, in line with what is known about 
the modern-day isotopic chemistry of the stratified lakes. Using an electron microscope, 
these crystals were confirmed to be mostly composed of calcium carbonate crystals that 
had formed in the surface waters of the lake as they display euhedral shape and their 
composition was confirmed as largely aragonite with some calcite.  The stable isotopes 
of oxygen in these carbonates were then used as a palaeoclimatic signal for past 
precipitation-evaporation dynamics experienced by Yeak Kara, a reflection of regional 
climate as was shown to be the case for present-day lake waters. Hence, it is likely that 
in the mid-Holocene, Yeak Kara was meromictic and episodically experienced mixing in 
response to regional weather and climatic triggers. Upon mixing, nutrient-rich 
hypolimnion waters came in contact with epilimnion waters, triggering algal blooms 
which increased the alkalinity of surface waters, resulting in the precipitation of 
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authigenic calcium carbonates precipitate which were then sequestered in the sediment 
archive.  
The δ18O record from YK0712B sediment shows a change from a strong summer 
monsoon to a weaker monsoon following the end of the Holocene Optimum in this 
region occurring at ~5.8 kaBP. This is linked to decreasing Northern-Hemisphere 
summer insolation that is evident in other records of the palaeoclimate of the Asian 
monsoon. The timing and rate of the mid-Holocene weakening of the Asian monsoon 
recorded in Yeak Kara is comparable with records from Southwest and Central China but 
is significantly earlier than this transition recorded in studies from Oman, the Tibetan 
Plateau and South China, suggesting that the Indian and East Asian monsoons may have 
experienced the end of the Holocene Optimum and transitioned to dryer climates 
asynchronously. These results align with the vegetation response to climate change in 
this lake produced by Maxwell (1999). Within this record, dry periods of high climatic 
variability were observed from 7.2-6.9 kaBP and 4.6-4.3 kaBP which are linked to climate 
forcing by volcanic aerosols and ENSO intensification in the mid-Holocene respectively.  
Within the sediment core taken from Yeak Kara, ostracods tests were observed 
in some locations. The presence of these suggests that the possibility of a biogenic 
carbonate record which might cover a longer timescale, pushing back earlier into the 
Pleistocene-Holocene transition and through into th early Holocene. This is an exciting 
prospect that holds potential to make a significant contribution to furthering the 
understanding of the Asian monsoon system and responses over mainland Southeast 
Asia in the late Pleistocene.  
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Appendix I: R Script 
 
library("ggplot2") 
 
setwd("F:/R/Graphs/Rosh") 
data <- read.csv("data.csv", header=TRUE) 
 
ggplot(data, aes(x=year, y=depth, alpha=temp)) +  
  geom_tile(fill="blue") + 
  scale_y_reverse() + #Reverse the y-axis + 
  scale_y_discrete(breaks = c("5",  
  theme_bw() + #Simple theme 
  theme(panel.border=element_rect(colour=NA)) + #Removes border 
  theme(axis.line=element_line(colour="black", size=0.5)) + #Replaces axes are border 
removal 
  theme(panel.grid.major = element_blank(), panel.grid.minor = element_blank()) + 
#remove gridlines 
  theme(axis.title.x = element_text(vjust = 0, size=14), axis.title.y = element_text(vjust = 
0.25, size=14,angle=90)) + # Format axis titles 
  xlab("Time") + 
  ylab("Depth") + 
  theme(legend.title = element_text(size=14)) + #Legend title font 
  theme(legend.text = element_text(size = 12)) #Legend font 
 
NB: ‘alpha’ was substituted for each limnological characteristic (temperature, pH, 
specific conductivity, ODO saturation).  
 
